
PHOTOMETRY 




Thb Bbnoh Boom m thb Photombteio Laboratory 


Frontispiece 



PHOTOMETRY 

BY 

JOHN W. T. WALSH 

M A (Oxon), M Sc (Lend ), A M I.E.E , F last P 

Member of the National lllummatton Committee of Great 
Britain , General Secretary of the International Commission 
on Illumination , Senior Assistant in the Photometry Di'vtsion 
of the National Physical Laboratory 

Illustrated with Diagrams by 

FREDERICK G H LEWIS 

ARCS, DIG, A Inst P 
AND FROM PHOTOGRAPHS 



i 


LONDON 

CONSTABLE & COMPANY LTD 

10 & 12 ORANGE STREET LEICESTER SQUARE 
WC 2 

1926 







I'nnUti nt (lUiti Jfr.iit 



TO 

MY FATHER AND MOTHER 
THIS BOOK IS DEDICATED 



PoimA. 

Nehissa. 

Portia 


How far that little caiulle tliiows hia beams ! 

Bo shines a good deed m a naughty worJd 

When the moon aliono, wo did not see the candle. 

Bo doth the greatei glory dun the less . . 

( Meuiliamt of Vemco, Act V , sc 


h) 



PREFACE 


Not infrequently during the past few years the author has been 
asked to recommend a book dealmg with some branch of practical 
photometry. Although there are several good books on the subject 
m existence, notably Dr Liebenthal’s wonderfully comprehensive 
“ PraktiBche Photometrie,” none of those which have appeared 
recently deals exclusively with photometry, but all treat it rather 
as an adjunct to the study of illummation It follows that the 
descriptions of mstruments and methods given m such books are 
necessarily brief, and the past fifteen years have been so frmtful m 
the development of this branch of technical physics that the present \ 
volume may not seem altogether superfiuous 

In illustration of what has been said concemmg the recent pro- 
gress of photometry, it may be mentioned that nearly all the illumma- 
tion photometers so widely used to-day have been designed within 
the last fifteen years, while the study of physical methods of photo- 
metry, undoubtedly a branch of the subject which is destmed in 
the near future to find many technical applications, has taken place 
almost entirely withm that same period 

Because it has always been a cherished behef of the author 
that the practice of a branch of apphed science cannot properly be 
carried on without some grasp of the theory underlymg it, no apology 
IS offered for the msertion of the two chapters in which an attempt 
has been made to give briefly and m outlme some account of our 
present knowledge of the nature of hght and the physiological pheno- 
mena connected with the sensation of vision 

At the same time, it is hoped that the general treatment will be 
found to be “ practical ” in the true sense of the word. As Professor 
Stine has said m the preface to his book Photometrical Measure- 
ments ” — 

“ To those who desire to foUow the practice of photometry, and 
lack an adequate knowledge of general physics, this work may appear 
too scientific for a manual, and be too msistent on details which 
apparently have httle sigmficance. To such the writer would state 
that photometry is not a simple and weU-defined subject Bare 
directions wiU not suffice, but the practician must brmg to the task 
a judgment tramed for instrumental mampulation and an apprecia- 
tion of the many modifymg mfluences that the results which he 
obtams may possess any value ” 

The author has endeavoured to describe, in such detail as the 
limitations of space permit, those mstruments and methods which 
he has used at the National Physical Laboratory, those which he 
has seen used elsewhere, or those which his personal experience has 
led him to regard as of value m photometric work The description 
of obsolete or obsolescent apparatus has been reduced to a few Imes, 
and in many cases it has been omitted altogether, only mention by 
name and a reference to the origmal description having been inserted 
for the sake of completeness. 
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It has been found necessary strictly to limit the scope of this 
book to a description of those matters, both theoretical and practical, 
■which affect the measurement of hght flux, candle-power, lUumma- 
tion, elc , and to exclude any treatment of the use to which such 
measurements may be put after they have been made Thus, for 
example, m the sections dealing with illummation, only the methods 
of measuring that quantity have been described and no attempt has 
been made to outline the prmciples which should be followed in 
designmg an installation to produce a given degree of illummation 
under certam specified conditions Similarly, the effect of different 
factors {e.g , voltage, gas pressure, etc ) on the candle-power of light 
sources has been dealt “with only to the small extent necessary to 
ensure that measurements of the candle-power of such sources may 
be free from errors due to lack of proper control of such factors. 
Agam, no general discussion has been given of the effect of shades 
and reflectors on the distribution of light from a source On the 
other hand, a description wiQ be found m Chapter VII of the 
methods of photometnc measurement by means of which the effect 
of such apphances may be quantitatively determined m any given case 

The prmciples governing the solution of such problems of practical 
apphcation as those just mentioned belong properly to that branch 
of technics known as “ illummating engmeermg,'’ and for a descrip- 
tion of these prmciples and the method of applying them, some book 
on illummation (e g , one of those enumerated at the end of Chap- 
ter XII ) should be consulted 

Smce it is evidently impossible m the space of a single volume to 
give speciahsed treatment to any branch of the subject, an attempt 
has been made to provide as complete a bibliography as possible of 
the whole subject of photometry by means of numbered references to 
the ongmal hterature These references are automatically classified 
by the position m which they occur in the book That this biblio- 
graphy is really complete is more than the author may dare to hope, 
and he will be most grateful for information as to noteworthy 
omissions, as well as for corrections to the errors from which he may 
not presume to thmk he has escaped entirely 

The prmcipal journals deahng with gas and electrical engmeermg, 
illummation, physics and general science published m Great Britain , 
the United States of America, France, Germany and Italy have all 
been thoroughly searched from the first year of pubhcation, and 
every paper mcluded m the relevant sections of the International 
Catalogue of Scientific Literature pubhshed by the Royal Society 
has been referred to Where a paper has been reprinted, either in 
full or in lengthy abstract, in journals other than that in which it 
originally appeared, references to those journals have been placed 
in the notes after the reference to the ongmal paper This has the 
disadvantage of extendmg the space devoted to the notes, but it 
IS often useful where the only hbrary readily available to the reader 
IS a speciahsed one and the number of periodicals correspondmgly 
hmited. An abstract in a familiar language is, moreover, often of 
considerable value m givmg an idea of the contents of a paper 
pubhshed m a less famihar tongue. 

The abstract journals such as Science Abstracts, the Beibldtter 
{Physikahsche Benchte), Fortschntte d Phys , Chem Soc J (Abstract 
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Section), Chemical Abstracts, Ghem Gentralblatt, Photographic Ab- 
stracts, Abs Bull of the Eastman-Kodah Research Laboratory, Ophthal- 
mic Year Book, Physiological Abstracts, etc , although they have often 
given the clue to many valuable papers, have not, m general, been 
referred to m the notes 

With only six exceptions every reference given m the notes has 
been actually consulted in order to verify its correctness 

It will be noticed that throughout the book wave-numbers have 
been used in preference to wave-lengths. Although in current 
practice (except in the theory of radiation) the use of wave-lengths 
is more common, the fundamental character of the wave-number 
makes it desirable, in the author’s opimon, that a change should be 
made To obviate any necessity for conversion from one system to 
the other, the values in the letterpress have been given in terms of 
both wave-length and wave-number, while the graphs have been 
arranged so that it is possible to use them with equal facihty on 
either system 

There remains, finally, the pleasant duty of thankmg aU those 
who have so kindly helped in what has proved to be a very congemal 
task In particular the author would hke to take this opportunity 
of thankmg his colleagues in the Photometry Division of the National 
Physical Laboratory for the kindness with which they have always 
unhesitatingly placed at his disposal the results of their many years 
of practical experience in photometry 

While the Patent Office, British Museum, Science Museum and 
National Physical Laboratory Libraries have furnished the means 
for consultmg most of the hterature of the subject, the author is also 
much indebted to the hbrarians of the Royal Society, the Royal 
Astronomical Society, the Chemical Society, the Natural History 
Museum, the Institution of Electrical Engineers, the Royal College 
of Surgeons, the Royal Society of Medicine, the Royal Photographic 
Society, Umversity College, London, the London University Library 
and the Radcliffe Museum, Oxford, as weU as to Dr J. Kerr and 
Mr L Gaster, for much valuable assistance m obtaining access to 
original papers The editor of thxe Journal des U sines d Oaz also 
kindly furnished tlie references to some early papers m that journal. 

For permission to reproduce Fig 30 thanks are due to the 
Royal Society Fig 244 is reproduced by kmd permission of 
Messrs P J and J M Waldram, and the lUuminatmg Engineer- 
ing Society 

Much of the usefidness of any book of this character depends 
upon the accuracy and clearness of the diagrams with which it is 
illustrated It will therefore readily be understood what a debt of 
gratitude the author owes to Mr Lewis for the immense amount of 
care which he has bestowed on the drawmgs which appear m the 
following pages Thanks are also due to F J C Brookes, of 
the National Physical Laboratory, for the trouble he has taken in 
making the photographs from which the plates have been prepared 
and to Mis 3 D. Lipscombe for several drawings of Laboratory 
apparatus, notably Fig 67 showing the photometer bench 

JOHN W T WALSH 

Teddington, 

St Peter's Day, 1^25 
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PHOTOMETRY 


CHAPTER I 


HISTORICAL NOTE 

The First Photometers. — ^Almost exactly two centuries ago, in 
1729, Pierre Bouguer (1698-1768), Professor of Hydrography at 
Havre, laid the foundation of the science of photometry by his 
description, m an Essai d^optique sur la gradation de la lumiere ” (i) , 
of the earhest known form of apparatus designed for the comparison 
of the luminous intensities of two sources of hght. The mstrument 
he described is shown in Eig 1, 



Liglit 

Source 


I Light 
Source 


fV I 


Trtuialuceni: 
"Rapor 


1 — ^Bouguer’e Photometer 


which IS taken from the fuller 
description contained m 
Bouguer’s '' Traite d’optique sur 
la gradation de la lumiere,” 
published posthumously by the 
astronomer, the Abb6 de la 
CaiUe, at Paris in 1760 

In the same year, 1760, there 
appeared at Augsburg the work 
of the versatile scientist and mathematician, Johann Heinrich Lam- 
bert (1728-1777), ‘'Photometna, sive de mensura et gradibus lummis 
oolorum, et umbrae ” (®), which oontamed the enunciation of the 
fundamental laws of photometry, viz , the law of addition of lUurmna- 
tions, the inverse square law (already employed by Bouguer), the 
cosine law of lUummation, the cosme law of emission, e>tc Lambert 
also described a form of shadow photometer (^) which is identical 
m principle with that later used and perfected by Count Rumford, 
the great American savant ^ philanthropist and statesman, Sir 

Benjamin Thompson, who m 1792 
and 1793 wrote to Sir Joseph 
Banks letters in which he de- 
scribed “A Method of Measuring 
the comparative Intensities of 
the Light emitted by Lummous 
Bodies ” These papers were 
communicated to the Royal 
Society (^) and oontamed a very 
detailed account of the photo- 
meter shown in Eig 2 It has 
been well pomted out by A P 
Trotter (®) that the ordinary text- 
book description of the Rumford photometer is most misleading 
Instead of one circular rod, as generally shown, Rumford employed 
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two, iJ, R, of the form shown on the nght in Pig 2 These were 
turned about their vertical axes until the shadows cast by the two 
lamps and were just in contact at the centre of the opaque 
paper screen B This was viewed by an observer, E, situated 
between the tables carrying the lamps, and equahty of bnghtness 
was obtained by moving the lamps by means of cords operated by 
handles at H,, H., (®) 

The marked distmction which is generally drawn between the 
photometer of Bouguer and that of Lambert or Rumford seems to 
lack justification Both photometers, lilce those which have super- 
seded them, depend on the comparison of the bnghtness of the two 
parts of a surface which are respectively illuminated by the two 
sources to be compared The dividing wall, of the Bouguer form 
may be regarded as eqmvalent to the shadow-forming object, R, of 
the Lambert form, since the function of both is to prevent the hght 
given by one of the sources from reaching that part of the comparison 
surface which is illuminated by the other source The chief difference 
hes m the use of transmitted or reflected light Thus the Poucault 
photometer (’), which was used by Dumas and Regnault in their 
study of the hghting of Pans, has sometimes been referred to as a 
modification of the Lambert-Rumford form, whereas it would be 
described more correctly as a Bouguer instrument (Liebenthai 
“ Prakt Phot p 161 , Trotter, “ Illumination, etc p 80, etc ). 
It IS remarkable that the instrument officially adopted in this 



Fig 3 — The Gaa Referees’ Photometer 


country for gas testing until a few years ago was a simple modification 
of the onginal Bouguer photometer (®) Its general construction will 
be clear from Fig 3 is a translucent surface and the lamps 
to be compared 

From Rumford’s time until the invention of the Ritchie wedge 
but httle progress was made in the science of candle-power measure- 
ment W. A Lampadius in 1816 used an instrument m which the 
criterion of intensity was the number of sheets of a semi-transparent 
material, such as horn, which had to be placed before the eye to 
cause the source to disappear (®). Such an instrument, which may 
be called an extinction photometer,’’ had already been employed 
before Bouguer’s time by Frangois Marie (^®), and although possess- 
ing httle real claim to the title of photometer, it has repeatedly been 
revived in various forms (^^), and is still m use for astronomical 
purposes where the ordinary methods of photometry are not always 
suitable (see p 426). 

The Eitchie Wedge. — distinct advance in photometry was 
made by WiUiam Ritchie, who, after many attempts to adapt the 
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differential thermometer to the comparison of light sources, devised 
the form of photometer head which is generally known by his 
name(^^). In its first form, shown m Fig 4, 
this photometer was a modification of 
Bouguer’s Two pieces of mirror, CF, FD, 
reflected the light from the sources to the 
translucent paper EO (i®) Ritchie, however, 
also used the same form of head without 
the translucent paper, pasting opaque matt 
white paper over the mirrors, and com- 
panng the brightness of these two surfaces 
directly. The pnsm, GFD^ which is generally 
known as the Ritchie ‘‘ wedge,” has formed 
the basis of many instruments, each designed, generally, with the 
object of producmg as sharp and fine a division as possible between 
the surfaces, for this was early recognised as being an important 
feature m accurate photometry The forms of Ritchie wedge 
devised by Sir J Conroy (^®), S. P Thompson and 0. C. Starhng (^®), 
L Weber (i’), A P Trotter (^®), and Q. Majorana are shown in 
Fig. 5, from which the particular features of each wdl be seen imme- 
diately In Yvon’s form the sources are arranged so that the 
hght is mcident normally at both surfaces of the wedge. 

Polarisation Photometers.— The work of Malus and Arago in the 
first years of the nineteenth century on the laws governing the 
intensity of polarised hght made possible a new form of photometer 


c o 



Fia 4 — ^Ritohie’a 
Photometer. 



Fia 6 — ^Diiferent Poiras of Photometer baaed on the Ritchie Wedge (a) Conroy 
{b) Thompson-Starhng (c) Tiotter and Weber (Daohphotometer) (d) Yvon 


which was independent of the mverse square law. The first polari- 
sation photometer was that of D F. J Arago (^^), m which he made 
use of double refraction prisms for both polanser and analyser. 
Later instruments of the same type wore those of A Beer(^®), 
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E. de la Provostaye and P Desains (^3), E. Bernard (^), H. W. 
Dove (2®), E. Becquerel (^3), D. Salomons and the modem 
instrument of E. E. Martens (^®) Reflection from glass (see p. 31) 
was used as the means of polarismg the hght from one or both sources 
by J. Jamin (^®), J Babmet (®®), J. C. E. Zollner (®^), W. Crookes (®^), 
and H Wild The use of polarisation as a means for varying the 
intensity is very common m spectrophotometry, owing to the optical 
difficulties mtroduced by altermg the distance between the photo- 
meter head and the source of hght. 

The Bunsen Photometer. — ^In the design of instruments depending 
on the inverse square law, httle progress was made after the work of 
Ritchie until 1843, when R Bunsen first described the famous 
photometer head known by his name This photometer was 
originally designed for use in an exhaustive mvestigation on the 
chemical action of hght which Bunsen was then caorying out m' 
collaboration with Sir H E Roscoe The Bunsen photometer, 
which is stiU frequently employed and which is, m fact, capable of 
exceedingly accurate work when carefuUy constructed and properly 
used, IS fully descnbed in Chapter VI of this book The chief 
modifications of it, the Joly block and the Lummer-Brodhun cube, 
are also descnbed in detail in the same chapter The latter was first 
used by W Swan and descnbed by him some thirty years before 
its mtroduction by Lummer and Brodhun These workers, however, 
are undoubtedly responsible for the use of the contrast pnnciple 
which has enabled still greater accuracy to be obtained m modern 
photometry 

Standards of Light : The Candle. — ^The gradual improvement in 
the instruments available for photometnc measurement naturally 
resulted in a growing dissatisfaction with the hitherto accepted 
standard of luminous mtensity, the candle, for it was soon found 
that this standard was not reproducible to the accuracy of measure- 
ment even when the composition, form and rate of burning were 
carefully specified (®®). Although once officially adopted m several 
countries and by various testmg bodies (®’), candles have now 
been entirely superseded as practical standards of hght Eor 
instance, the British Parhamentary candle, defined m the Metro- 
pohtan Gas Act of 1860, was discarded m favour of the pentane 
lamp by the Metropolitan Gas Referees m their Notification for 
1898. 

The Carcel Lamp. — ^The first standard to supersede the candle 
was, however, the Carcel lamp, a modification of the Argand (3®), 
in which a clockwork pump was used to supply the wick with colza 
oil at a given rate (see Pig 6) The standard luminous mtensity was 
that given when the rate of oil consumption was 42 gm per hour 
Small departures from this standard rate were allowed for by a 
simple proportional rule, the actual consumption bemg conveniently 
measured by using the lamp on a form of balance and noting the time 
in which it lost 10 gm. in weight This lamp, devised by Carcel in 
1800 (®®), was used by Dumas and Regnault m their photometric 
work (^®) but the difficulties attending its use are very great, and 
different observers are unable to obtam results either consistent 
among themselves (^^) or m agreement with one another to the same 
degree of accuracy as that attamable with other flame standards. 
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The actual candle-power under the standard conditions has been 
variously estimated at from 9 4 to 10 international candles (^). 

Kerosene lamps in vanous forms have 
been proposed as standards or as sub- 
standards at different times (^), but have 
never been found to be wholly satis- 
factory, 

A coal-gas flame of given dimen- 
sions was proposed by H Giroud(<^), ---Viek. 



but this was inferior as regards con- 
stancy to the light given by a specified 
area of the brightest part of a gas flame. 
This form of standard, ongmally pro- 
posed by W W. Eiddes and later 
by S Elster (^), was developed by 
Methven, who found that the bnghtness 
was constant when the flame was bum- 
ing under specified conditions m an 
Argand burner (*’) After much experi- 
ment this standard also was found to 
be unsatisfactory and subsequent 
modifications did not improve it sufSi- 
ciently to make it suitable for use as a 



Pumju 


standard of hght (^®) ^ i ! ^ L 

The Pentane Lamp.-The only practi- j 
cal flame standards are those in which a y j -i ^ 
volatile hydrocarbon of definitely known ||^ 

chemical composition is burnt in a lamp 
of carefully specified d im ensions. The 
first lamp of this kmd was made in 1877 » , , ® I 

by A. G Vernon Haroourt (®»). It burnt g Lamp 

a mixture of pentane vapour (C 5 H 12 ) and 

air from a wickless burner, and had a luminous mtensity of one 


-The Oaroel Lamp 


candle After undergoing several modifications (®^), mcludmg forms 
in which a wick was used to convey hquid pentane into the burner 


tube, although the wick did not enter the flame or even approach 
the top of the tube (® 2 ), the lamp was completely redesigned in a 
larger form so as to have a luminous intensity of ten candles (®®), 
and this, as has been said already, was adopted m 1898 as the official 
standard for gas testmg in London This lamp is described in 
Chapter V Lamps burning pentane were devised also by W J. 
Dibdm [ten candles] and by J Simmance [two candles] 

The Hefner Lamp. — Other hydrocarbons that have been used 


are ( 1 ) benzol, either alone or mixed in defimte proportions 
with ethyl ether (^’), or with ethyl alcohol (®®), (u ) naphthalene (®®), 
(m ) acetylene (®®), and (iv ) amyl acetate (C 7 II 14 O 2 ). The last- 
named fuel IS used in the lamp which was first devised in 1884 by 
F. von Hefner ^teneck (®^), and which is still the official standard of 
candle-power in Germany having, in 1893, superseded (®2) the 
Vereinskerze set up in 1868 by the Deutsche Verem von Gas- und 
Wasserfachmannern It was also adopted as the custodian of the 
bougie dicimale by the International Electrotechnical Congress at 
Geneva in 1896 (®^). A description of the lamp is given m Chapter V. 
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Other Proposed Standards. — In spite of very careful specifications 
of constructional details and numerous elaborate determinations of 
the correction factors to be apphed on account of atmospheric 
conditions, none of the flame standards has proved adequate to the 
needs of modem photometric practice It has repeatedly been 
proposed to construct some form of standard dependmg upon the 
radiation given by a specified area of some surface at a given tem- 
perature Several such standards are described in Chapter V (®®), 
but while some of these show promise of leading eventually to the 
desired end, none can be said at present to be any more satisfactory 
than the flame standards 

The same is true of the absolute physical standards which have 
been proposed, ^ e., standards defined as a given amount of energy 
in the form of radiation havmg a certam spectral distribution (®®), 
for these cannot be of practical value until much more progress has 
been made in what may be termed broadly physical ” photometry 
A standard which cannot well be classed with any of the others 
that hav6 been proposed is that furnished by a defimte area of a 
discharge tube contaimng hehum gas The light given by such 
a tube has, however, a discontinuous spectrum, and this standard has 
therefore never been developed. 

The Electric Lamp as Standard. — ^The proposal to use an electric 
lamp as a standard has frequently been made (®®), but as it is not at 
present possible even to specify an electric lamp to the extreme 
accuracy required for a standard of hght, much less to manufacture 
it, it IS impossible to obtam a true standard in this way 

It IS, however, possible to base the umt on the known candle- 
powers of one or more mdividual lamps, and this is the position of 
the international candle at the present tune, the International 
Commission on Illumination havmg, in 1921, adopted the umt based 
on comparisons of certain electric incandescent lamps in the chief 
national standardising laboratories of the world (®®) This unit will 
be dealt with further m Chapter V 

Other Problems. — Side by side with the development of accurate 
means for measuring the candle-power of sources of hght, and the 
search for a convement standard reproducible at least to the accuracy 
of measurement, other cognate problems have had to be studied as 
they arose The comparison of sources giving lights of different 
colours was, from the first, found to be an operation of special 
difficulty, and the means which have been adopted for overcoming 
this difficulty are described in Chapters VIII and IX of this book 
The gradual improvement which has taken place in the methods 
of physical photometry, leading to the production of the instru- 
mentum thermometro analogus ” of Lambert, will be found briefly 
described in the chapter specially devoted to this branch of the 
subject, so that it need not be further mentioned here 

The measurement of lUummation, as distmct from the measure- 
ment of luminous mtensity, is a branch of photometry of compara- 
tively recent growth The first illummation photometer was 
constructed by Sir W H Preece m 1883 (’®), and since that time the 
instruments produced for this special class of measurement have 
been exceedingly numerous The rapid development of the hghting 
art, and its transference from the domam of pure empiricism to that 
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of scientific method, which has been a marked feature of the last 
decade of engineermg progress, have tended to emphasise more and 
more the importance of this branch of photometric practice. 

The study of lUummation (as distinct from the methods of 
producing it) and the rapid development of means for redistributing 
the hght given by a source, have in the last few years brought about 
a radical change in the rating of lUuminants. It is the total hght 
output, rather than the candle-power m a single direction or group 
of directions, which is chiefly of interest to the illumination engmeer, 
and the result has been a rapid development of methods of measuring 
luminous flux. The use of integrating photometers, generally of the 
Ulbncht sphere type, is now the rule rather than the exception in 
photometnc laboratories, and Chapter VII is therefore devoted to 
this branch of photometry 

The Future. — ^Progress in the future hes mainly m two directions : 
(i ) the production of instruments and standards of greater precision 
for use in the laboratory where accurate measurement is called for, 
and (u ) the simplification of photometric apparatus, particularly 
the portable photometer, without too much sacnfioe of accuracy, 
so that the measurement of illumination may become as simple and 
as common an operation as the measurement of temperature or 
length, and require as little special training or techmcal experience. 
Considerable progress has already been made m the latter direction, 
but one of the principal difficulties, that of a convement source of 
supply of electric current for the comparison lamp, is still unsolved. 
Both the alternatives at present available, mz , a lead accumulator 
or a dry cell with indicating mstrument and rheostat are obviously 
unsatisfactory, but no attempt to use a seh-lumanous matenal 
as a comparison surface has met with any success up to the 
present 

In precision photometry, unless some visual criterion stiU more 
sensitive than that of the contrast field can be discovered, progress 
must necessarily he in the use of physical methods. Already these 
have been shown to be capable of detectmg differences of lUummation 
quite inappreciable to the human eye C^^), and it seems likely that 
the prmcipal field of usefulness of the physical photometer, at any 
rate m the immediate future, will be as a detector of minute 
differences rather than as a measurer of integral illumination, thus 
playmg a part analogous to that of the galvanometer m the measure- 
ment of electrical resistance It must, further, be recognised that 
physical measurement can, strictly, be apphed only to the companson 
of hghts of identical spectral composition The comparison of hghts 
of different colours depends on the relative sensitivity of the eye to 
equal amounts of energy in different parts of the spectrum, and not 
only 18 there no known physical instrument which can convemently 
be made to mutate the eye m this respect, but, which is still more 
embarrassmg, the eyes of normal-sighted persons differ from one 
another quite appreciably m their colour sensitivity curve It 
follows that heterochromatic comparisons must be based ultimately 
on a convention This done, physical photometry may be called m 
to give, possibly, the same degree of accuracy as is attamable by its 
use in homochromatic compansons 

There is no defimte lunit which can be set to this accuracy, but 



8 


PHOTOMETRY 


it has to be remembered that the precision of the other measurements 
involved must be correspondingly increased. Thus, for example, m 
order to attam a certamty of 1 part m 10,000 in measurmg the 
candle-power of an electric lamp by means of a photometer based 
on the inverse square law, the voltage must be measurable to 1 part 
m 40,000, and the effective position of the hght source must be known 
within 0 1 mm if the lamp be at a distance of 2 metres from the 
photometer It is probable, therefore, that progress m the direction 
of increased precision m photometric measurement will be slow. The 
accuracy at present attamable is ample for commercial purposes, but 
barely sufficient for scientific research. Experience ui other branches 
of measurement (e g , that of power, whether electrical or thermal) 
shows, however, that what is sufficient to-day may lag seriously 
behind even commercial requirements in ten or twenty years’ time. 
Progress, therefore, is essential Increased precision must be 
attained so that, m all that concerns the production and utfiisation 
of hght, progress may not be hindered nor development retarded 
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CHAPTEE II 

RADIATION 

The Nature of Light. — ^Photometry is, as its name implies, the 
measurement of hght, and it is clearly desirable that a book professing 
to deal with any branch of metrics should begm with a brief account 
of the nature of that which is to be measured. This chapter will 
therefore be devoted to a general description of the theories at present 
held regarding the nature and properties of radiation m general, and 
m particular that form of it, termed “ luminous radiation,” which is 
capable of producmg m the human eye the sensation of vision It 
will also deal briefly with the prmcipal phenomena accompanying 
the emission, propagation or reception of this radiation, especially 
those made use of in the various methods of photometry 

Light, hke radiant heat, Eontgen rays (X-rays), and the electro- 
magnetic waves used in wireless telegraphy, is a form of radiant 
energy , that is to say it is that form of energy which is transmitted 
through space in straight hnes, and without the intervention of 
matter, at a constant velocity of about 2 9986 X 10^® cm per sec (^) 
This velocity, which is apparently one of those invariable funda- 
mental quantities which have been termed “ constants of nature,” 
will be referred to throughout this chapter as c 

Until about twenty years ago it was thought that a complete 
explanation of the phenomena of radiation was to be found m the 
wave theory of light It has now been shown, however, that this 
theory alone cannot satisfactorily account for all the facts, and an 
additional hypothesis has therefore been put forward At present 
this hypothesis, termed the quantum theory, is m a more or less 
experimental stage as, while it afEords a satisfactory explanation of 
some of the phenomena which could not be explamed on the old 
theory, it does not appear to fit m with certam of the known facts 
for which the simple wave theory was perfectly adequate. Never- 
theless, its success m certam problems of radiation has been so 
striking that it must be considered bnefly m a later portion of this 
chapter, though for histone reasons, as well as for the sake of con- 
vemence, the wave theory in its origmal form wiU be considered first. 

The Wave Theory of Light. — ^About the year 1678 the Dutch 
philosopher Huyghens first propounded a theory of light m which it 
was supposed that a luminous body acted as a source of disturbance 
m a hypothetical all-pervading medium called the* (luminiferous) 
ether. This disturbance was imagined to travel through the ether 
m the form of waves, which, on reaching the eye, produced the sensa- 
tion of vision. On this theory hght waves travel in space with the 
velocity c and carry energy from the body which produces them to 
that by which they are absorbed 

The essential charactenstio of a wave motion is that, by means 
of a penodio disturbance transmitted continuously from one portion 

16 
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of a medixim to the next portion in the line of propagation, energy is 
carried from one place to another without any motion of translation 
on the part of the medium or of any portion of it The famihar 
example of a sheet of water, one end of which is agitated by a regular 
up-and-down movement of a piece of wood, will serve to illustrate 
these fundamental characteristics of a wave system Ripples wiU 
be formed by the wood and will travel across the water with a certam 
velocity of propagation which is almost independent of the size of 
the ripples That the actual particles of water have no motion, 
other than that of a simple vertical oscillation, is shown by the fact 
that a floatmg cork merely bobs up and down and is not carried along 
with the ripples That energy is transmitted through the water by 
means of the npples is shown by the fact that a piece of wood floating 
at the far end of the water will be caused to oscillate in synchronism 
with the movement of the wood causmg the disturbance 

Effect of Frequency and Amplitude of Waves. — ^In the last para- 
graph the general characteristics of a wave motion were descnbed. 
It now remains to consider m what ways different kmds of waves 
may be distinguished one from another, and at once there are two 
prominent charactenstics which claim attention. These are {a) the 
amphtude, or extent of the oscfllation , and (6) the frequency, or 
number of oscillations executed per second. With regard to the first, 
it IS at once apparent that the energy conveyed by any given wave 
will depend on the amphtude of that wave, and it may be said at 
once that in the case of the ether waves the energy transmitted is 
proportional to the square of some vector which, m the absence of 
any defimte knowledge of the method of propagation of energy 
waves m the ether, may be termed for convemence the amphtude of 
vibration For, m the simplest example of oscillation, the case of a 
particle executing free vibrations in simple harmomc motion, 
z = a sm a)(^— 0) where z is the displacement, 27r/a) the period 
(periodic time), and a the amplitude Hence the total energy, which 
IS equal to the kinetic energ^(^i^) when a; = 0, is 

With regard to the second characteristic, in the case of ether waves 
the frequency determines the kind of effect which they will have on 
our senses In fact, the different kinds of radiant energy enumerated 
on p 16 above are earned by ether waves which differ only m 
frequency If / be the number of vibrations per second (®), then, 
when / IS below about 10^^ per second the waves are quite incapable 
of affecting our senses at all These are the waves used m wireless 
telegraphy When f lies between about 10^^ and 4 5 x the 
waves are capable of produemg on our bodies the sensation of heat, 
but they cannot affect our eyes in such a way as to produce the 
sensation we call vision, though it is possible that the mght vision of 
nocturnal beasts is due in part to the sensitivity of their eyes to waves 
for which / hes below the limit of sensitivity of the human eye To 
waves for which / is above the limit of 4 0 X 10^^ and does not exceed 
about 7-6 X 10^^ the human eye is variously sensitive and the 
. effect produced on it differs both m kind and degree according to the 
value of / 

The variation in degree will be more fully considered m the next 
chapter, which deals with the behaviour of the eye as a receptor of 
lummous radiation. It is sufiBcient for our present purpose to say 
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that the eye is not equally sensitive to hght waves of all frequencies ; 
in fact, the degree of its response to a given amount of radiant energy, 
even when this is conveyed by waves withm the limits of frequency 
stated above, depends on the absolute frequency of the radiation or, 
what IS the same thing, on the colour of the hght. Eor the variation 
m the kind of effect produced on the eye by waves of different 
frequencies gives nse to the sensation which we term “ colour ” 
Waves for which / = 6 X 10^^ give the sensation of red, those of 
rather higher frequency form what appears to us as yellow light, and 
so on through green and blue to violet, which is the sensation produced 
by hght waves of the highest frequencies which the eye is capable of 
appreciating at all. Waves of still higher frequency (the ultra- 
violet) cannot affect the eye in such a way as to give the sensation 
of hght though they may affect it profoundly in other ways These 
waves are, however, capable of producing chemical changes in a 
photographic emulsion and are termed “ actmic ” Waves of still 
higher frequency, from 3 X 10^^ to 2 X 10^®, are produced by special 
means, and are the Rontgen or X-rays which, on account of their 
power of penetratmg the less dense forms of matter, are used for 
photographing, on plates specially sensitive to waves of this frequency, 
the forms of denser objects concealed within a medium which, 
although less dense, is nevertheless opaque to lummous radiation 
Wave-Length and Wave Number. — It has long been customary 
to express the periodicity of radiation in terms of “ wave-length ” 
(A) rather than “ frequency ” (/) The former quantity is the distance 
(m the Ime of propagation of the radiation) which separates consecu- 
tive pomts undergomg the same displacement ” (S) For example, 
in the case of npples on water it is the distance between consecutive 
pomts having the same absolute displacement and the same direction 



of motion, such as A 
and £ (Fig 7) From 
this definition it follows 
that for hght m vacuo 
Xf = c Smce, as will 
be seen later, the ve- 
locity of hght varies 
accordmg to the me- 
dium through which it 


+ 1 . r j. , . IS propagated, and smce 

the frequency of vibration cannot alter, A must depend on the 
medium It follows that the frequency is more fundamentally 
characteristic of a particular kind of radiation than is its wave- 
ten^h and it will therefore be used generally throughout this 


It so happens that the charactenstic of hght which can be 
measured most convemently and accurately is its wave-length, and 
f measurement («) far surpasses that of the 

m nnn°^ u ^ ^ accuracy of only about 1 part 

relatmn use (rf values of frequency calculated from the 

1 advantage over the use of the simple 

^ ^ reciprocal is termed the wave-number^^ 

in wW f 11 ^ proportional to the frequency and can therefore be used 
in what foUows exactly as frequency would be used It is, moreover, 
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independent of any change which may be brought about by a more 
accurate deternunation of c 

Applications ol the Wave Theory : The Inverse Sanare Law and 
Cosine Law. — ^Prom the outline of the theory given above its agree- 
ment with the principal observed facts concerning radiation is readily 
demonstrated Por instance, the two fundamental laws of photo- 
metry, the inverse square law and the cosme law, follow at once if a 
lummous pomt be considered as the source of a system of spherical 
waves diverging from it as centre. Por the area of any such wave 
as it travels outwards from the source must increase as the square 
of its radius, and smce its energy must be regarded as uniformly 
distributed over its surface, the surface density of this energy must 
vary inversely as the square of the radius of the wave, that is, of 
the distance from the source Similarly, since the Erection of 
motion IS always perpendicular to the wave front, it follows that an 
elementary area can only receive energy in proportion to its area 
projected m that direction 
(Pig 8) , that IS, the surface 
density of the energy received 
by any such area is proportional 
to cos 9 where 9 is the angle 
between the normal to the sur- 
face and the direction of propa- 
gation of the incident wave. 

Reflection and Refraction on 
the Wave Theory. — The well- 
Imown laws of reflection and 
refraction are also in agreement 
with the wave theory Por 
(Pig 9) let A A' be the trace of the surface of separation of two 
media, and AB the trace of a plane wave surface mcident at it. 
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(This may, for conyenience, be regarded as a portion of a spherical 
wave emanatmg from a very distant source ) Let it be supposed 
that the plane of the paper is perpendicular to both these sunaces 
Then each successive portion of the separation surface AA\ as soon 
as the incident wave surface reaches it, is assumed to become the 
origin of two new waves, one in the upper medium (the reflected 
wave) and the other in the lower medium (the refracted wave) C^) 
If BA' be drawn perpendicular to AB, BA' is the direction of propa- 
gation of the incident wave, and if AB' and A'B' be drawn equal 
respectively to A'B and AB, then it is clear that when the reflected 
wave originating at A has just reached B' along the path AB', the 
original wave from B will just have reached A' Similarly, the time 
taken from any point G on AB to a corresponding point O' on A'B' 
will be found to be the same Hence A'B' must be the trace of the 
reflected wave surface at the instant the origmal wave reaches the 
point A' 

This new wave surface is the plane envelope of spheres having 
their centres Sbt A, A' and all intermediate points, and their radu 
equal to the distances of these points from the line A'B'. It will, 
therefore, be perpendicular to the plane of the paper Hence it 
follows that the incident and reflected rays (perpendiculars to the 
wave fronts) are in the same plane with each other and with the 
normal to the surface of separation, and further, that they make 
equal angles with this normal on opposite sides of it. 

Now let a pomt B" be taken below AA', such that (i ) AB"=^ 
BA' In, and (ii ) A'B" is perpendicular to AB". Then, if it be 
supposed that the velocity of propagation of the wave in the lower 
medium is tunes that in the upper medium, it follows, as m the 
last paragraph, that A'B" is the trace of the refracted wave surface 
at the instant the wave reaches A' Again it follows that the 
incident and refracted rays are in the same plane with each other and 
with the normal to the surface, and that in this case the smes of 
the angles made with this normal are m the ratio of to 1 or, if 
% and r be the angles of incidence and refraction, sm ^/^ln r = n 

An important case arises when hght passes from an optically 
denser to a rarer medium so that ?^ < 1 If, m this case, ^ be greater 
than sm-^ the equation of refraction gives r an impossible value. 
The hght, m fact, does not emerge at all, but is reflected at the 
boundmg surface according to the ordinary law of reflection This 
phenomenon is known as ‘‘ total reflection ’’ and is much used in 
optical instruments For instance, in the constant deviation pr.sm 
shown in Fig 14 (p 24) the hght at B is totally reflected at the 
glass-air surface because ^ = 45°, whereas n for glass to air is 0 67, 
so that sin-^ = 42° 

It will be noticed that a new property has now been ascribed to 
the mechamsm of wave propagation, viz., that the velocity of 
propagation is inversely proportional to the refractive index of the 
medium, as measured by the deviation suffered by a ray of hght on 
entenng that medium This assumption has been fully verified by 
direct experiment (®) and so forms one of the great triumphs of the 
wave theory of radiation 

Lenses and Prisms. — ^The deviation suffered by light on passing 
from one medium to another is one of the most important of optical 
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phenomena forming, as it does, the basis of the action of all lenses 
and prisms Let ABG (Fig. 10) represent a right section through a 





Fig 10 — The Passage of Light through a Pnsm 


triangular glass pnsm, and let MN represent the front of a plane 
wave perpendicular to the paper and traveUing in the Erection NO 
By the previous paragraph the position of the wave front inside the 
glass wiU be parallel to PO where NO = n MP On emergence into 
air again the reverse action takes place and the final wave front is 
parallel to M'N' where ON' = n P'M' The angle through which 
the wave front has been turned by the action of the pnsm, i e., the 
“ deviation,” is 8 It is clearly eg^ual to % — A, where A is the 

“ refractmg ” angle of the prism, and i' represent respectively 
NMO and N'M'O' the angles of mcidence and emergence of the hght 
Since sm ^ = ra sin POM, and sm = n sin P'O'M', while 

POM + P’O'M' = A 

» ^ 1 /sill I 1 /sin %'\ . 

,e. an-> ^- --) + sm-* j = .1 

it follows that S can be found when either i or is known Tor the 
special case i S is a minimum, and is equal to 2^ — A, where 

„ T /sin i\ . A ^ 

2 sin-^ \~^l = ^ ^ ^ so that 

8 = 2 sin-1 — A. 

It will be clear that an object seen through a prism will appear 
to be shifted from its real position and will seem to he on the back- 
ward continuation of the emergent ray It follows that if an object 
be seen through a pnsm of the type shown m Fig. 11 it will appear 
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to be doubled, for to an eye at E it will seem as if the object lay on 
the backward contmuation of each of the lines EM^ EM\ This 

form of prism, known as a Fresnel 
bipnsm is used in some photometers 
(see, for example, p 169) 

The efEeot of a lens can most easily 
be explamed by reference to Fig 12. 
For, suppose AMB to be the spherical 
surface, radius of a refracting medium 
of index n Then, rf a wave diverge 
from a pomt P, at the instant it reaches 
A it will have the form AN^By instead 
of the form ANB which it would have 
had if unrefracted, MN being equal to 
nMN' If PN = Uy the new radius of 
curvature of the wave s is given by the 
equations r^DM = uDN = sDN' = 
\AD'^ if AD be assumed small with 
respect to u and (®) On ehmmatmg DM and DN by the aid of 
the relationship MN = nMN' y it is found that 



If now the light emerge again through a surface of radius in 
the opposite direction, the radius of curvature v of the emergent 

wave IS similarly found to be ^ — - . . . (ii ) 



Pig 1 1 — The Action of a Preanel 
BipTiem 



Hence - ^ = (n -- 1) (— + —\ , (in ) 

This equation shows at once that hght radiated from a point at 
distance u from a double convex lens having surfaces of radu and 
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^2 and refractive index is brought to a point again at a distance i 
on the opposite side of the lens Thus, for various values of u the 
image can be kept stationary either by moving the lens (change of v) 
or altering its curvature (change of or fg) or both For a fixed 
lens, such as those used m optical apparatus, the reciprocal of the 


constant {n — 1) ( — | — ) is called the focal length/ and it is clearly 

VI ^2/ 

the distance from the lens of the image of a distant pomt for which 
w = 00 . The position of this image is called the principal focus 
of the lens 

A special case of some importance m photometry is the apparent 
shift in the position of an object seen through a plate of glass or 
other refractive medium of thiclmess d In this case = rg == oo, 
and the equations for finding the relation between u and v become 


- — — = 0 and 


5 + d V + 


so that u — V = d ^1— Thus the effective distance of a hght 
source from a surface is shortened by the insertion of a plane sheet 



Fig 13 — ^Apparent Shift of an Ohjeot seen through a Plate 


of refractive medium, the amount of shortening being equal to the 
thickness of the sheet multiphed by (n — l)/ji (see Fig 13) 

Unless the requirement mentioned above, that the “ aperture ” 
(AB, Fig. 12) should be small compared with u and v, is adequately 
met, the rays from one pomt do not converge accurately to a single 
second pomt, but intersect one another somewhere along a short 
portion of the Ime forming the axis of the system {PMN is the axis 
m Fig 12) This departure of the rays from the stigmatic condition 
IS termed “ sphencal aberration,” and is a serious defect when a 
clearly-defined image is required It can only be corrected by the 
use of non-spherical refractmg surfaces, or by usmg a combmation 
of lenses (’■®) 

It should be noticed that a paraxial ray of light (t e , a ray whose 
mclmation to the axis of the optical system is small) passes un- 
deviated through the centre of a thm lens, smce to a first approxi- 
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mation the portions of the lens surfaces at which the hght enters 
and leaves may be regarded as parallel, and therefore the deviation 
at entrance is compensated by the equal and opposite deviation at 
emergence. 

It follows from this fact that the Imear dimensions of an object 
and its image formed by a lens are in the ratio u v, so that the areas 
are in the ratio 


Reflection at a spherical mirror may clearly be treated in a 
similar maimer to refraction by a lens, putting and n = ^ I 

Dispersion. — ^In the last three paragraphs it was tacitly assumed 
that the hght was homogeneous, that is, that it consisted entirely of 
waves of a smgle frequency. Most hght ordmanly met with, however, 
IS composite, and may be regarded as a mixture, m varymg propor- 
tions, of waves of aU frequencies to which the eye is capable of 
responding 

It can readily be demonstrated by expenment that the ratio 
sin i/sin r, or %, generally termed the mdex of refraction of the 
second medium with reference to the first, is not the same for waves 
of aU frequencies In passing from air to glass, for mstance, n 
mcreases as the frequency increases, so that it follows that the 
velocity in glass must be less for violet hght than for red hght, for 
in space (and, very nearly, in air) the speed of propagation is the 
same for waves of aU frequencies , otherwise a new star, or an 
occulted star, would gradually change colour after its first 
appearance 

An important apphcation of this variation of velocity m glass 
IS to the resolution of a composite hght into its various components 
by means of a glass prism A convement form of pnsm used for 

this purpose m the spectrometer 



is that shown m section m Eig 
14, where the composite hght 
entering at A is spread out by 
reason of the different refrac- 
tive mdices of the glass for the 
waves of different frequencies 
After total reflection at B and 
refraction at C, the hght emerges 
in the form of a coloured band, 
known as a ‘‘spectrum,” which 
extends from red to violet if all 
colours are present m the origmal 
beam 

This vanation of refractive 
index with frequency is fre- 
quently made use of m optical 
and photometnc (especially 


spectrophotometric) apparatus, 
but allowance for it has also to be made occasionally when analysis 
of the hght IS not desired Clearly, no spreading can take place 
when the hght is mcident normally to the surface, for then 


^ = r = 0. 


Erom the presence of \h.e quantity % m formula (in.) of p. 22, it 
will be clear that the position of the image formed by a lens depends 
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on the frequency of the hght, and in the case of composite hght the 
image of a point source is spread out into a Ime of images rangmg 
in colour from violet (nearest the lens) to red. This spreading is 
termed “ chromatic aberration,” and can only be corrected by the 
use of a combination of lenses. 

Interference. — ^Another phenomenon which can be accounted for 
satisfactorily on the wave theory of light is mterference. This 
phenomenon may, m brief, be looked upon as the effect of the 
superposition of two or more waves so as to produce a resultant of 
different amphtude It is clear that, refemng agam to the illustration 
of the npples on water, if two sets of ripples of the same amplitude 
and frequency be arranged to meet, so that at any instant the crests 
of either set alone would occupy exactly the same positions as the 
troughs of the other set alone, the result of the superposition of the 
two sets will be complete extinction, and if two sets of npples cross, 
regions of undisturbed water will be seen at the positions where 
such extmction takes place (^®), In other positions, however, where 
crest coincides with crest, and trough with trough, the ripples will 
be approximately doubled in amphtude By suitable means, one 
of which will be described below, similar effects can be detected in 
the case of light waves Both extinction and reinforcement must be 
regarded as manifestations of ** interference,” and perhaps the most 
satisfactory definition of this term for the purpose of this chapter 
IS that given by Schuster, as follows . ‘‘If the observed lUumma- 
tion of a surface by two or more pencils of hght is not equal to the 
sum of the illumination of the separate pencils, we say that the 
pencils have mterfered with each other and class the phenomenon 
as one of ‘ mterference ’ ” 

The Interference Grating. — One of the most frequently employed 
pieces of apparatus mvolvmg mterference is that known as a 
“ gratmg.” This consists, m its ordmary form, of a glass plate on 
which have been ruled with a fine diamond pomt a large number 
of exceedmgly fine hues at regular close intervals (Rowland’s gratings 



have about 14,400 hnes per inch) The prmciple of its action will 
be clear from Rig 16, which represents a section through the grating, 



26 


PHOTOMETRY 


it being understood that the whole effect depends on exact similarity 
between the individual lines or corrugations Let A^ 

be the trace of the incident wave front at the instant it reaches the 
similar points A-^^ A^, A^ . of the grating. Then A-^, A^.A^ 
become the centres of new waves, and, on account of the similarity 
at these points, all these waves will be equal in amplitude at equal 
distances from their centres Considering the direction it is 

clear that, when the wave from A-^ has travelled as far as that 
from A^ will have reached Rg? waves thus follow in 

regular succession at a distance of separation equal to the projection 
of B 1 B 2 on B^Ai, that is, d The value of d depends on the distance 
between the lines on the gratmg, and the direction of the reflected 
waves considered It is clearly equal to asm 6, where a is the 
separation of the lines and 6 the angle which the reflected light 
makes with the normal. If it so happen that the distance d is half 
the length of a wave (or an odd number of half wave-lengths), 
destructive interference wfll take place between each pair of waves, 
and at a considerable distance from the gratmg darkness will result 
If, however, m the direction of the reflected waves considered, d 
be equal to one or any whole number of wave-lengths, then all the 
sets of waves will reinforce one another and bnghtness will result 
in that direction, for every other set of similar pomts of the grating 
wiU behave like the set A^, A^, A^ . . 

This clearly provides a method for measurmg the value of /, 
for if a and the smallest value of 6 for maximum hght be known, 
and A is the wave-length, / = c/A = c/a sm 6. It also provides a 
means for analysmg a composite light, for smce / is inversely pro- 
portional to sm 9, it IS clear that the reflected light wfll be analysed 
in such a way that the maximum brightness for hght of lower 
frequency (red) will appear nearest to the direction of the incident 
light, while that for the higher frequency waves (violet hght) will 
appear nearly twice as far from this direction Thus a gratmg may 
be used to produce a spectrum m which the different colours of a 
composite hght are arranged in the order of their frequencies accord- 
ing to a known law of spacmg (equiangular, smce sm 0 = 2 = 0 when 
9 is small). In this respect its spectrum is superior to that of a 
pnsm in which the spacing is dependent upon the kmd of glass 
employed (see Chapter IX., p. 276) 

It is now possible to see why the effect of the elementary wave 
surfaces origmating at all the pomts between A and A' m Tig 9 
of p 19 could be considered as practically confined in the aggregate 
to the regions fomnng the envelope represented by the hue A'B\ 
for, when all these waves are taken together, it is easy to see that 
at regions not on this envelope mterference wfll take place, and a 
careful analysis shows that darkness wfll, m fact, result everywhere 
except on the “ wave-front ” A'B' Lack of space prevents any 
detailed treatment of the subject in this book, and a treatise on the 
theory of hght should be consulted (^®) 

Interference Bands m Thin Films. — ^There is one phenomenon of 
interference which is made use of m some types of photometer 
(see p 184), w., the alternate light and dark bands produced when 
light passes through, or is reflected from, a thin layer of air between 
two glass prisms Let ABC (Pig 16) be a ray mcident at such an 
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angle that BG is close to the direction of total reflection, then t.liia 
ray is partly reflected and partly refracted at G, the refracted ray 
GD making with the interfaces of the prisms an angle r which is 
very nearly 90° The ray GD is partly transmitted along DO, and 
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partly reflected along the path DEF, Now there is a ray A*B\ 
parallel to AB, which is refracted along the path B'E, and is partly 
reflected at If the path difference between the rays reflected at 
D and at E be an odd multiple of a half wave-length, ^ e , if 
2GD cosV = (w^+ J)A, where m is an integer, then destructive inter- 
ference will take place and the total intensity in the direction EF 
will be diminished It is clear that for another pair of rays very 
shghtly inclined to AB and A'B^ the path difference will be m or 
(m -f 1) wave-lengths, so that the reflected parts of these rays will 
reinforce each other Thus a featureless surface seen by reflection 
in such a double pnsm will appear to be covered with alternate 
bnght and dark bands. Like reasoning will show that an exactly 
similar process takes place m those portions of the hght which 
are transmitted along DO, etc (^®) 

Double Refraction. — In what has been written so far it hsis been 
assumed that the medium m which the waves of light are propagated 
IS isotropic, that is, that it behaves in exactly the same way whatever 
be the path which these waves pursue within it In some crystals, 
notably a form of calcite termed Iceland spar, this is not the case, 
except for waves m which the hght vector, which has so far been 
termed a vibration without any statement as to its physical nature, 
IS in a certam direction ; for it is found that in these crystals the 
incident hght gives rise to two elementary waves at every point of 
the bounding surface One of these waves is spherical, and obeys 
the ordmary laws of refraction, being propagated with the same 
velocity in aU directions The other is, however, propagated with 
a velocity which depends on its direction m the crystal It is 
consequently not spherical, but elhpsoidal, and its minor axis is 
(for Iceland spar) of the same magmtude as the radius of the spherical 
wave, and is m the direction of a hne of symmetry called the optic 
axis of the crystal (^'^). The two waves are shown in Fig 17, where 
AB IS the trace of the wave front in air, the circle OD that of the 
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elementary ordinary ” spherical wave originating from A, and the 
ellipse CD that of the extraordinary ” elhpsoidal wave ongmatmg 
from the same point , AD^ the optic axis of the crystal, is here 
taken as in the plane of the paper A'O now the ordinary wave 

front, and A'C the extra- 



ordinary wave front, in 
the crystal. Naturally, 
these two sets of waves 
give nse to two images, 
and the familiar double 


appearance of an object 
a-faec through a crystal of 


Fig 17 — Double Refraotion ^ crystal of Iceland 


spar possesses the pro- 
perty of resolving a light wave into two components quite inde- 
pendently of frequency (since both images are practically uncoloured) 
In one of these components the waves follow the ordinary laws of 
refraction and are propagated with the same velocity in all directions. 
In the other component, the velocity of the wave is found to depend 
upon the direction of propagation. This phenomenon can be at 
once explained on the wave theory of hght by assuming that the 
light vector or vibration ” is transverse, that is, perpendicular to 
the direction of propagation , for if this vibration be longi- 
tudinal there can be no possible dissymmetry of the wave about 
the direction of propagation, but with a spherical transverse wave 


it IS at once apparent that dissymmetry exists, and that the vector 


at any point of the wave can be resolved into two components 
respectively m and perpendicular to any given plane containing 
the hne of propagation (^®). If this plane be supposed to be that 
containing the optic axis of the crystal at the centre of the wave 
(the plane of the paper m Eig 17), then it may well be that when 
the vector is perpendicular to the paper the velocity of propagation 
is the same, whatever be the angle between the optic axis and the 
direction of propagation (angle DAG), while when the vector is in 


this plane the velocity of propagation vanes with this angle (angle 
DAC), This supposition provides an adequate explanation of 
double refraction if the law of vanation is assumed to be cr^ = 


Cq-^ cos^ 6 + sin^ d, where 6 is the angle DAC, Ce is the maxi- 
mum velocity of the extraordinary Vave, and Cq the velocity of 
the ordinary wave cjce is known as the extraordinary mdex of 
refraction of the crystal, 

Polarised Light. — ^In ordinary light, as would naturally be 
expected, the hght vectors are onented without any regularity, and 
m the waves set up by any source they are distnbuted m all directions 
in the plane of the wave surface. Inside a doubly refractmg crystal, 
however, matters are different, and each of the two wave surfaces 
contains only waves in which the vectors are m a single direction 
Such waves are said to be plane-polarised,’’ and as hght of this 
nature is much used in some branches of photometry it is desirable 
to consider its properties in further detail 

The Nicol Prism. — ^Unless special means be adopted to isolate one 
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of these sets of waves the two wiU naturally be mixed on emergmg 
once more into the air, and the property of polarisation will he mst. 
The simplest method of isolation is that used in the Nicol prism, 


llnpoiari^ed 

Light 



(O 

Fiq 18 — The Nicol Polaribiug Prism 
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which consists of a rhomb of Iceland spar of the form shown in 
Pig 18a, where AB' is about three times AD This is cut in half 
by a plane passing through AA' and parallel to BD, and the two 
pieces are then cemented together by Canada balsam Now the 
refractive mdex of the balsam is greater than and less than Uo, 
so that if the hght be incident sufficiently obliquely on the balsam 
surface the ordinary ray will be stopped by total reflection (see 
p 20), while the extraordmary ray wAi. be transmitted (Fig 186), 
It results that hght passing through the Nicol prism will be plane 
polarised 

If this hght be transmitted through a second Nicol, its intensity 
will depend on the relative directions m space of the optic axes of 
the two prisms, for, clearly, if the second Nicol can only transmit 
hght for which the vector is in the direction OA (Fig. 19), and if 
the hght fallmg upon it be plane polarised so that the vector is in 
the direction OB and of amphtude a, then this light wiU be divided 
into two components, of which one will be stopped and the other 
transmitted The latter portion will have its vector in the direction 
OA and, by the law of resolution of vectors, wiU have amphtude 
a cos dy so that the mtensity of the hght passing through both 


N 2ti 
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prisms vanes as cos^ 0, where 6 is the angle between the optic 
axes 

It is to be noticed that in the ordinary form of Nicol prism 
descnbed above the light entermg and leavmg the pnsm is not 
normal to the bounding surfaces The results 
^ of this are the production of a certain 
amount of elhptic polansation in the trans- 
mitted hght and a lateral displacement of 
the emergent ray. The latter difficulty may 
be avoided by trimming the end faces of the 
prism so that they are perpendicular to the 
sides This form of Nicol is generally used 
in photometric mstruments in which the 
prism has to be rotated (i®) One form of 
prism m which the elhptio polansation is 
avoided is the Glan-Thompson form shown 
m Eig 18c 

The Wollaston Prism. — ^Another device used for separating the 
ordinary and extraordinary waves is Imown as Wollaston’s prism, 
and consists of two prisms of oalcspar, or quartz (another doubly 
refractmg crystal, which differs from Iceland spar in that is 
always less than Cq), cut with the same angle and cemented together 
as shown m Fig 20. The optic axis of the left-hand pnsm is parallel 



Fig 19 — The Law of 
Beaolution of a Vector 
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Pig. 20 — The Wollaston Pnsm. 

to AB, while in the right-hand pnsm it is perpendicular to the 
paper. It results that if hght be incident normally on the face AB 

ordinary wave traverses 
the path PQ mth velocity c., while the extraordinary wave traverses 
It with velocity c.. On arrival at Q separation takes place and the 
or^ry wave traverses the second pnsm as an extraordmary wave 
while the extraordmary becomes an ordmary wave If a denote 
the pnsm and S the deviation of the extraordmary 
= ^ aiigle of 

smr^— L ^ 1 T ^ small, 

i^theref OTe ~2 between the two wave envelopes 

^ ^ separated be caused to pass 

oiti 2 intensity of one on emergence will be 

other cos® 6, smce they are polansed in mutually 
va^ as tan®^0^^^*^^ results that the ratio of the mtensities will 
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It IS to be noted that, since the waves suffer deviation in passing 
through a Wollaston prism, a certain amount of colour analysis 
takes place 

In Rochon’s prism this effect is avoided by having the pnsm 
ABD cut so that the optic axis is parallel to AD (see Fig 20). The 
ordinary ray then passes through BCD without deviation (and 
therefore without dispersion), the extraordinary ray being deviated 
as m the Wollaston pnsm 

Polarisation by Reiaection. — ^The hght reflected from the surface 
of a glass plate is polarised to an extent depending on the angle 
of mcidence (see Chapter IV , p 113) The polarisation should 
theoretically be complete when % = tan-^ where n is the refractive 
mdex of the glass (^®) Reflection at the polarising angle % has been 
used for polansmg a beam of hght in some of the older forms of 
polansation photometers (see p. A) 

The Electromagnetic Theory of Light. — ^In what has gone before, 
the adequacy of the wave theory of hght to explain the results of 
experiment has been demonstrated, but so far no hypothesis has 
been suggested as to the nature of the vector mvolved in the propa- 
gation of the waves other than that this vector is perpendicular to 
the direction of propagation 

In 1864 Maxwell proposed the electromagnetic theory, in which 
the hght waves are assumed to be of the same nature as the electro- 
magnetic waves set up by a rapidly oscillating electric current, such 
as that obtamed in the spark discharge. The identical velocity of 
the two sets of waves was experimentaUy estabhshed, and the theory 
is now universally accepted, as it not only is in agreement with the 
known phenomena, particularly as regards polansation, but it 
connects the waves of heat and light with those produced by electrical 
means, and it has enabled phenomena in the realm of electricity to 
be related to other phenomena, before apparently quite independent, 
in the realm of optics 

Maxwell’s hypothesis rests on his conception that, just as stress 
in an elastic sohd produces a strain, that is, a displacement of 
matter, so in dielectrics the apphcation of electric force produces a 
displacement of some unknown character, and this is identical in 
all its effects with an electric current The observed laws conneotmg 
an electric current and a magnetic field are then sufficient to enable 
biTYi to deduce the three foUowmg equations connecting the com- 
ponents of current v, lo with those of magnetic force a, jS, y — 

47 m = dyjdy — d^jdz, etc . . . . ( 1 .) 

and three of the foUowmg form, where ^ is the magnetic permeabihty 
and P, Q, R are the components of electric force — 

— jLta = dRjdy — dQjdz, etc. . . (u.) 

But for a non-conductor whose specific inductive capacity is K 
u = {KjATT)dPjdt, etc 

Hence ( 1 ) and (li ) may be combined to give the following three 
equations . — 

KP = dyjdy — dpjdz, etc, . . 


■ (HI-) 
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Furtlier, difEerentiating the three equations of (u.) with respect to 
X, y and z respectively, and adding 

dt \dx dy~^ dzj 

so that ^ ^ "I" ^ ^ constant with respect to time, and this 

constant is zero, smce that is its value for the undisturbed medium 
Diflferentiating (u.) with respect to time, and eliminating P, Q 
and H by means of (lu ), the following equations therefore result * — 

IC/ioc = y%, etc (^^). 

Similarly, the following equations may be obtained — 

KfjiP = v^P, etc 

These two sets of equations show that both the magnetic and 
electric forces are propagated with a velocity llVXy, For vacuo 
and (very nearly) for all dielectrics ja = 1 K in vacuo is equal to 
1 on the electrostatic system of units, but 1/m^ in the electromagnetic 
system if be the number of electrostatic umts of quantity of 
electricity m one electromagnetic umt Hence the velocity of 
propagation is equal to this ratio m, which experiment shows to be 
approximately 3 X 10^® c.g s. umts This is the same as the velocity 
of light withm experimental error, and the remarkable verification 
of this theoretical deduction from Maxwell’s hypothesis is one of 
the triumphs of the electromagnetic theory of light. It is to be 
noted that Maxwell’s theory does not afford any explanation of the 
nature of hght “ It only expresses one unknowm quantity (light) 
in terms of other unknown quantities (magnetic and electric 
disturbances), but magnetic and electric stresses are capable of 
experimental mvestigation, while the elastic properties of the medium 
through which, according to the older theory, light was propagated 
could only be surmised from the supposed analogy with the elastic 
properties of material media Hence it is not surprising that the 
electromagnetic equations more correctly represent the actual 
phenomena Whatever changes be mtroduced in future in our ideas 
of the nature of hght, the one great achievement of Maxwell, the 
proof of the identity of luminous and electromagnetic disturbances, 
wiU never be overt^own ” 

The apphcation of the theory to the phenomena of reflection, 
refraction, polarisation, etc , cannot be dealt with here. It wiU be 
found in any modem book on the theory of optics (^s) 

Theory o! the Light Radiating Mechanism. — ^For hght waves the 
ongm of the oscillatory current is considered to he withm the atom 
or molecule of the hght-givmg body The atom is pictured as 
consisting of a heavy nucleus positively charged, and surrounded by 
a number, greater or less, of negatively charged electrons, each 
carrying a umt charge equal to 4 77 x lO-^o electrostatic units of 
electricity These electrons are normally bound to the nucleus, but 
m certam (radioactive) substances they escape according to a 
statistical law The ratio of their charge to their mass has been 
found to be 1-769 x lO"^ E M.U gm (2^) These electrons form the 
carriers of electricity in a conductor 
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Now it is clear that if a rapid oscillation of one of these electrons 
take place within the atom, since this electron possesses an electric 
charge, it is eqmvalent to an oscillatiog electnc current, and so 
a tram of electromagnetic waves will he ongmated. Further, if the 
frequency of the oscillation be suitable, the emitted waves will be 
light waves (®®). 

Since energy is thus emitted from the atom, fresh energy must 
be supplied to it from exterior sources, and the different means for 
the supply of this energy provide a convenient classification for the 
various kinds of hght emission known. When the energy is drawn 
from the molecule or, possibly, the atom by chemical action, as in 
the case of the oxidation of phosphorus, or the chemical action which 
is probably the cause of the glow emitted by light-giving aniraals, 
such as the fire-fly, the emission is called chemi-luTmnescence or 
jihosphoTescence When the energy is supphed by light which 
has been absorbed by a substance and stored up withm its molecules 
as in a reservoir, the subsequent emission of the stored-up energy 
IS called photo-lurmnescence or fluorescence When the energy is 
supphed by electncal discharge through a gas, the emission is called 
electro-luminescence These three classes wiU be considered m more 
detail later in this chapter At present it is necessary to consider 
m some detail the most important class of hght emission, viz , that 
in which the energy supply is due to the impact between the molecules 
of the radiator consequent upon its temperature. This kind of 
emission is called temperature radiation or thermo-luminescence. 

Pure Temperature Radiation. — ^It is first necessary to define what 
IS generally known m the study of radiation as a “ black body ” or 
“ complete radiator ” Every body in nature reflects some of 
the radiation which is mcident upon it, and most bodies are selective 
in the extent to which they reflect radiation. Objects which do not 
themselves radiate in the visible spectrum are only seen by means 
of the hght which they reflect to the eye after they have received it 
from some self-radiator. A truly black body is one that totally 
absorbs hght of all frequencies, and reflects none of the radiation 
that falls upon it. Such a body must, from thermodynamical con- 
siderations which will now be described briefly, emit radiation m 
which the energy contamed in any frequency range is connected with 
that frequency and with the temperature of the radiator accordmg 
to a law which can be deduced from theoretical considerations. 

KirchhofiE’s Law. — ^To Balfour Stewart and G Ehrchhoff is due 
the pnnciple that the ratio of the radiation emitted to that absorbed 
by any body in thermal equilibrium depends only on the tempera- 
ture, and that this ratio is equal to the emission of a black body 
(for which the absorption is perfect) at the same temperature. This 
is a consequence of the experimental fact that a number of bodies 
within an impervious enclosure which contains no source of heat 
will ultimately acquire the same temperature , but the law enun- 
ciated above goes further m that it applies to radiation of any given 
frequency, and not merely to the total radiation , for it is possible 
to imagine a hollow enclosure of uniform temperature m which a 
portion of the wall is composed of a body whose absorption factor 
for radiation of wave number v is a„, and whose emission at the 
temperature is while the remamder of the waU is perfectly black, 
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and therefore has absorption unity and emission The absorption 
and emission of all parts of the wall must balance, or the temperature 
equilibrium will be disturbed Hence, li be the energy m 
frequency v received by aU parts of the wall, for the non-black 
portion and for the black portion Hence 

aA = ('®)- 

Three deductions follow at once from this result (i.) If be 
determined for any body, and the relation between E^ and tempera- 
ture be known, is found (ii ) Since cannot be greater than 
umty, no body can radiate more at any frequency than can a black 
body at the same temperature Hence a black body is often called 
a “ complete, or total, radiator ” (m ) In a hollow enclosure of 
uniform temperature, the radiation proceeding by reflection and 
emission from any part of the inner surface is the same as that 
emitted by a black body at the same temperature For suppose it 
receives then it absorbs and smce it ermts and, when 

the temperature is constant, emission and absoi’ption must be equal, 
it follows that Thus A^ = E,„ and, again, since it must 

return, by reflection and emission, as much as it receives, it follows 
that the emission is E^ Hence, since no surface is known which 
behaves exactly as a black body at all temperatures, the best 
approach to a complete radiator is a very small opemng m a 
uniformly heated enclosure 

Other consequences of this law are (i ) good reflectors are bad 
absorbers, and consequently bad radiators , (li ) transparent bodies, 
bemg bad absorbers, are also bad radiators This is well shown 
by the bright appearance of a spot of opaque material on a piece of 
heated glass 

The Pressure of Radiation. — ^It is now easy to show on thermo- 
d3niamic principles that the pressure exerted by a succession of 
plane waves incident normally at a perfectly black surface is equal 
to the energy contamed per unit volume of the space in which these 
waves are travelhng , for, considering a cyhnder of umt cross- 
section whose axis is normal to the oncoming waves, if this cyhnder 
be closed at one end by a black surface, the energy of the waves will 
be completely absorbed, and the amount so absorbed in time t will 
be Ecti where E is the energy contamed per unit volume of the 
cyhnder If now the black surface be displaced a distance Sx along 
the axis of the cyhnder, then the work done by the movement of the 
surface is equal to the energy contamed m the mcreased volume Sx 
of the cyhnder, ^ e , to ESx, so that if p be the pressure upon the 
surface, pSx = ESx, or p = E 

As an example of the magmtude of p, it may be said that since 
the energy flow from the sun at the earth’s surface (the solar constant) 
is 1-3 X 10® ergs/sec. per sq cm (2®), this energy is contamed in 
3 X 10^® c c Hence the value of E m this case is 4 x 10-® ergs 
per c c., ^ e , p = 4 X 10-® dynes per sq cm , or 4 x 10-® gm. 
weight (approx.) 

The Stefan-Boltzmann Law. — From KirchhofiE’s law and the 
result obtamed above it is possible to deduce the law connectmg 
the radiation from a black body and the absolute temperature T 
of the body ; for, considermg a closed cyhnder of length x and 
umt cross-section, the walls of which are totally black and impervious 
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to radiation, if the energy per unit volume be the pressure on the 
end wall will be J J5, since the contamed energy must be due to waves 
travelling m all directions, and the average resolved component in one 
of three mutually perpendicular directions will, therefore, be ^ jS Now 
suppose the end of the cyhnder to move inwards by a distance Sa;, 
and the energy density to be changed by an amount 8^ in conse- 
quence, then (a) the work done by the movement will be ^ Ehx, and 
(6) the change in the amount of energy contamed withm the cylinder 
will be Ex — {E — 8E){x — 8x) Thus, by the prmciple of the 
conservation of energy, 

- E8x Ex — {E — 8E) {x — Sr) = 0 

o 

or ^E8x -|“ x8E = 0, or E varies as ar^ Further, if the change of 
o 

temperature produced by the adiabatic volume change 8x be equal 
to SjP, then by Carnot’s principle 

^EhxlEx= - hTJT, 

so that T varies as ar-5, le ,E vanes as T* (®®) 

Since a black body absorbs all the radiation that it receives, it 
follows from Kirchhoff’s law that the radiation m equihbrium with 
it IS proportional to that which it emits from umt area in umt time. 
Hence the energy of the radiation emitted by a black body at a 
temperature T is equal to aT^, where a is a constant known as the 
Stefan-Boltzmann constant, after the names of the discoverers of 
the law, the first by experimental work, the second from theoretical 
pnnciples. The value of cr is 5 709 X 10-® erg cm deg -* sec (®^) 
Wien’s Displacement Law (®^) — ^In the Stefan-Boltzmann law the 
energy is treated as a whole, and its partition among waves of 
different frequencies is not considered It now becomes necessary 
to find out in what manner this partition is affected by a change in 
T It can readily be proved that the effect of the compression Sx 
above considered is to increase the frequencies of the radiation 
enclosed in the cylinder , for if a senes of plane waves of length A 
and frequency / strike a surface movmg with opposing velocity u, 
fX = c initially, and after reflection /' = / + 2 m/A (**) Hence 
8/ z= 2tt/A = 2m//c Now u = — x, and the number of reflections 
per second m the cyhnder is ^ c/2a:, for again, smce the waves within 
the cyhnder are travelhng in all directions, the average resolved 
component in one direction is ^ c Hence the rate of increase of 
frequency is the mcrease per reflection multiphed by the number 
of reflections per second, i e., 

/= (2/«/c)(c/6x) = - {fl3x)x 
. . dfjdx = — fl^x or /varies as ari 

Now let the energy per umt volume of the radiation m the range 
of frequency from / to (/ -f 8/) be denoted by Efif, where Ej may 
be called the energy density per umt range at frequency /. When 
the contraction Sx takes place, E/Sf vanes as x~i (see above) But 
/, and therefore 8/, varies as arS, so that E/ varies as ar-i, ^.e., as T® 

D 2 
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This shows that, comparing Ef m two full radiations at different 
temperatures, and taking corresponding frequencies given by Tff = 
constant, Ej is proportional to the cube of the temperature This 
relation may then be written 

Ef =TmTlf), or Ey = mTlf). 

This IS known as Wien’s displacement law, and it leads readily to 
an expression for /max , the frequency of maximum energy at any 
temperature, for, at any given temperature, when Ef is a maximum 
EfjT^ IS a maximum, so that ), and therefore (r//max ), is a 

constant mdependent of temperature. 

It should be noted that since f = cv, the above expressions 
preserve the same form if wntten with v substituted for / throughout 
The value of Tlvai&xi which may be represented by is found to 
be 0 5079 cm. degree (®^). 

The expressions m f or v may be further transformed to the 
corresponding expressions in A by usmg the transformation 
f = cv = c/A, so that 8/ = cSt^ = — (c/A^)SA Smoe E^BX = EfBf, 
the expression for E), becomes Ef{cjX^) = (c*/A®)0(yA/c), which may 
be written 

E^ = X-^F{XT), 

Here E^ is the energy per unit range at wave-length A Similarly, 
it may be shown that the constant Amax T = A;,= 0 2885 cm. 
degree (®^). 

The Quantum Theory. — ^In the above expression for the energy at 
any frequency the form of the function written as F{Tjv) is left 
quite undetermined. The further consideration of the form of this 
function depends fundamentally on the manner m which energy 
can be exchanged In the classical meohamos it was assumed that 
energy could be exchanged between molecules, etc , in any amount, 
and not necessarily in defimte multiples of an mdivisible unit or 
“ quantum ” On this assumption it can be shown (®®) that the 
probabihty that any one molecule, regarded as a ‘‘ seat of energy,” 
will have energy lying between the values E and ^ -f (the 
probabihty bemg defined as the fraction of the total time for which 
its energy hes between these limits) is {\lkT)er^^^^BE, where k is 
the atomic gas constant, %.e , the ordinary gas constant R divided 
by the number of molecules m the gramme-molecule (®®). It follows 

roo 

that the average energy in such a seat is I {E lkT)e-^l^^dE , or 

sunply kT This is the theorem known as the “ equipartition of 
energy,” and the result just quoted can readily be shown to lead to 
the value SttET/v for F{Tlv) m Wien’s formula, which thus becomes 
Ey = This is known as the Rayleigh-Jeans form 

It will be at once apparent that if v be very large, E^ will also 
be very large, and m consequence it must be concluded that the 
energy density in the ether becomes infimte for waves of infinite 
frequency, a conclusion which is generally regarded as quite un- 
tenable. In consequence, Planck in 1901 (®'^) was led to propose a 
new hypothesis, in which he supposed that energy can only be 
communicated in multiples of some indivisible amount which vanes 
directly as the frequency of the oscillation by means of which the 
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energy is transferred. If tins hypothesis be granted, a seat of energy 
can only gain or lose by multiples of this quantity, and it is then 
found that the probability of such a seat having energy pc is 
and the average energy is now found to be 
— 1) This is the partition formula resulting from Planck’s 
theory, and it wiU be recognised at once that since when v is very 
large, pe is also very large, the average energy at very high frequencies 
IS very small, a result to be expected a pr%on, since the probability 
of exchange taking place at aU is small if it can only be carried out 
by the transfer of a large quantity of energy The factor of pro- 
portionahty between c and v is Tic, so that e = Ticv, and thus the 
average energy of a system of seats of energy will be not kT, but 
1icv{e^i^^ — 1). The constant h is called Planck’s elementary 
quantum, and has the value 6 554 x lO-^^ erg/seo. (®®). 

Wien’s displacement law now becomes — 1), 

which may also be written E^ = — i)^ where G-^ and 

Gg are constants respectively equal to SttAc and hclk (38). The curve 
calculated by this formula for the energy distribution m the spectrum 
of a black body is m remarkable agreement with that found by 
experiment 

This agreement is exhibited by the curve of Pig 21, which shows 
the energy emitted within umt wave-number mterval by unit area 


exio* 



0 1000 2000 3000 4000 5000 6000 7000 600 0 9000 10000 

Wiavi Humber 

Pig 21 — Planck’s Formula Circles indicate observations , full line represents the 
computed curve (Recomputed from Bureau of Standards, Bull , 13, 1916 , p 476 ) 

of a black body radiator m unit time when the temperature of the 
radiator is 1,596° K The line gives the distribution calculated 
accordmg to the Wien-Planck law, usmg the values = 
3 703 X 10-® erg/cm ^ sec.-^, and (/a = ^ ^330 cm degrees, while the 
circles mdicate observational points (^®) 

The values of the constants clearly depend on the value of the 
black-body radiation found experimentally at some temperature 
measured by thermometnc apparatus (^^), and the above figures are 
based on the present accepted values of the melting points of gold 
and of palladium, viz , 1,336° K. and 1,829° K. (^3)^ at which tempera- 
tures the total radiation of 1 sq. cm. of a black body is found to be 
18-2 watts and 63*9 watts respectively. 
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“ Grey ” and Selective Radiation. — ^The black body, then, forms 
a basis for energy measurements at difEerent regions of the spectrum 
of other incandescent bodies It has been said abeady that no 
surface is perfectly black, and it follows that the radiation from such 
a body as, for example, a tungsten filament, may follow quite a 
different law from that found for the total radiator at the same 
temperature It has abeady been pomted out (p 34) that no body 
can emit more temperature radiation than a black body at the same 
temperature A body whose emission, when compared with that 
of a black body at the same temperature, bears a constant ratio to 
it at aU frequencies is known as a “ grey body,” and radiation having 
this characteristic distribution is kmown as “ grey-body radiation ” 
Any radiator for which the distribution curve is different from this 
IS said to be “ selective,” and aU known bodies radiating m the open 
are selective to a greater or less extent. The nearest approach to 
a black body is carbon 

The sun, as viewed from the earth’s surface, may be regarded as 
a black body at a temperature of about 5,400° K., but the composition 
of sunhght is somewhat different from that of the hght given by a 
black body, owmg to unequal absorptions at different frequencies 
during its passage through our atmosphere 

For shghtly selective bodies, such as platmum, iron or copper 
oxide, tungsten, carbon, etc , it has been found that their emission 
can be sufficiently well expressed by means of the generahsed 
formulae E = and E^ where a', a, and 

are constants of the selective body 

In the case of some selective radiators the energy distribution 
in the visible region of the spectrum approximates closely to that of 
a “ grey ” body, ^ e , for any frequency within this region the energy 
given by the selective radiator is a constant fraction of that given 
by a black body at some temperature (^) Tungsten behaves almost 
m this manner, having an energy distribution curve which is very 
closely the same as that of a grey body m the visible, while at lower 
frequencies its emissive power is smaller than would be the case if 
it were truly “ grey ” 

It is clear that the colour of the hght mven by such a selective 
radiator is sensibly identical with that of a black body at some 
defimte temperature This temperature is, therefore, termed the 
“ colour temperature ” of the selective radiator, and will be con- 
sidered further m Chapter IX 

Complete Radiation and Selective Radiation. — The above descrip- 
tion of the principal characteristics of temperature radiation may 
be summarised briefly as follows — 

(1) For a complete radiator the emission at any frequency 
mcreases contmually with the temperature, but the higher frequencies 
increase most rapidly, so that the frequency of maximum emission 
shifts continually towards the blue as the temperature nses The 
area of the curve withm the limits of the visible spectrum is but a 
small portion of the whole, so that the energy radiated as hght is 
only a small portion of the total energy emission This proportion 
increases, however, as the temperature rises, until it reaches a 
maximum of about 60 per cent, at a temperature of slightly over 
6,000° K. 
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(2) For a selective radiator the emission at every frequency is less 
than that of a total radiator at the same frequency, but the dis- 
tribution is different, so that the proportion of the total emission 
which IS within the limits of the visible spectrum may be higher 
than for a total radiator at the same temperature For some selective 
radiators the energy distribution in the visible part of the spectrum 
is approximately the same as that in the spectrum of a grey body 

Electro-Luminescent Radiators. — ^It will have been observed that 
all that has been said above applies only to temperature radiation, 
but, as already mentioned, there are types of radiators which do not 
depend upon temperature to supply the energy which they emit 
in the form of ether waves, and to which, therefore, the above con- 
clusions do not apply One of the most important of these tj^es of 
radiator is that m which the source of the energy is electrical, and as 
this type IS of considerable importance in light production, it will 
be considered briefly here 

It has long been known that when an electric discharge is passed 
through certain gases contamed in a tube at low pressure they glow 
with a hght which is characteristic of the gas and of the conditions 
under which the discharge takes place. The well-known Geiasler 
tubes are examples of this, and the mercury vapour lamp and the 
Moore tube are apphcations of the same prmciple to practical 
hghtmg. For these sources the energy distribution departs very 
markedly from that of a black body, and, in fact, it is found that the 
radiation is concentrated, to a greater or less extent according to 
circumstances, m the neighbourhood of certam deflmte frequencies, 
which are well-marked characteristics of the nature of the gas, 
msomuch that the gases present m a tube can generally be named 
at once from inspection of the energy distribution curve under 
electric discharge The striking fact of the invariabihty of these 
frequencies is the basis of spectrum analysis 

The Rutherford-Bohr Atom Model. — In order to form a clear 
mental picture of the mechamsm which is thought to underlie the 
phenomena of electro-luminescence, it is necessary briefly to survey 
the Rutherford-Bohr theory of atomic structure (^®) It is supposed 
that the atom is composed of an inner central electric charge, con- 
centrated on a nucleus, and a surrounding planetary system of 
electrons (elementary negative charges) rotating in certain orbits 
This conception of the structure of the atom, due to Rutherford, is_ 
the outcome of a study of the phenomena of radioactivity and the’ 
properties of the a- and jS-particles (^'^) It was pointed out by 
Bohr (^®), however, that such a planetary system of electrons js 
unstable unless Planck’s quantum hypothesis be adopted, for other- 
wise the energy of rotation of these electrons would gradually be 
radiated, and the orbit would in consequence become smaller and 
smaller, so that the electron would finally be merged in the nucleus. 
Further, the alteration of orbit would cause a gradual change of 
frequency in the emitted radiation, and this is certainly contrary to 
observation Bohr therefore assumes that the electron can only 
move in an orbit such that its energy consists of an integral number 
of quanta, and that while moving in this orbit no energy is radiated 
Passage from one orbit to another, however, may take place owmg 
to a “ crisis ” involving the emission or absorption of one or more 
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quanta hcv of energy in the form of homogeneous radiation of wave 
number v, where cv, the frequency, has a value intermediate between 
the frequencies of rotation of the electron in its original and final 
orbits 

This theory has been apphed with wonderful success to the case 
of the hydrogen atom where it is supposed that there is but one 
electron of charge — e and mass m, rotating about a nucleus of 
charge + e, m a circular orbit of radius a with angular velocity o) 
Then, accordmg to the ordinary laws of mechamcs = maco^ 
and the kmetic energy W of the electron is necessanly equal to 
Bohr assumes that the energy of an electron movmg in 
an orbit of angular velocity co is equal to some multiple of its frequency 
of oscillation (co/ 27 r) multiphed by ^ A so that W = rhcoj^ where t 
IS an mteger Prom the three equations just given it follows that 

W= , <»= ^^3 . 

Puttmg in the ordinarily accepted values for e, e/m and A it is found 
that W/e = 13 volts, a = 0 63 X 10-® cm and co/47r = 6 2 x 10^® 
sec These quantities are of the order of magmtude of the 
ionisation potential (^®), atomic size, and optical frequencies 
respectively 

Application to Line Spectra. — ^The triumph of the theory lies in 
the explanation which it gives of the relation found to exist between 
the numerical value of the frequencies at which the radiation from 
hydrogen gas at low pressure is emitted Balmer, in 1886 (®®), 
pomted out that these frequencies could be arranged m series, so 
that to very considerable accuracy the frequencies in each senes 
were expressed by the equation v = JV(l/Wi^ — 1 /^ 2 ^) where, for a 
well marked senes m the hydrogen spectrum, has the value 2 and 
712 has the values 3, 4, 6 Clearly this expression follows at 

once if it be assumed that energy hcv is emitted by the passage of an 
electron from an orbit in which r has the value 3, 4, 6 to one 
m which T = 2. Por hcv = — 1^2 = {^TT^e^/h^) (r^-^ — Tg”^) 

so that the constant jY, known as the Rydberg constant, becomes 
^TThne^/h^c, The senes of frequencies for which has the value 1 
and Tg the values 2, 3, 4 . . are m the ultra-violet, while those for 
which Ti = 3 are m the infra-red. Both of these senes are known 
to exist, though the former was not discovered until after its 
prediction by the theory Assummg the truth of Bohr’s theory, the 
known value of N, v%z , 1 0930 x 10® cm (®^) gives another method 
of determmmg Planck’s constant, and the value thus found is m 
excellent agreement with that determined by quite different methods 
Por less simple atoms than those of hydrogen the apphcation of the 
theory becomes very difl&cult, but the above treatment will serve to 
show the nature of the experimental evidence which supports the 
Rutherford-Bohr theory of atomic structure. 

The radiation emitted by a gas when an electric discharge passes 
through it may then be looked upon as due to disturbances in the 
electronic system of an atom by the free electrons taking part in the 
conduction of the current through the gas These electrons are 
constantly commg within or quitting the sphere of action of the 
gaseous atoms, and m so doing they cause the “ crises ” among the 
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electrons within the atom which result m the emission or absorption 
of radiation of a given frequency 

The colour of the hght given by such a process is clearly quite 
different from that due to temperature radiation, and the laws which 
govern the intensity at any frequency have not yet been reduced to 
any theory. It may be mentioned here that the range withm which 
the radiation at any dominant frequency is confined m a spectrum 
such as that ]ust descnbed is generally extended shghtly by increasing 
the pressure of the gas above a few millimetres of mercury 
This form of spectrum, generally charactenstic of elementary bo^es 
m the gaseous state, is spoken of as a “ line ” spectrum because, 
when analysed by a pnsm or grating the hght appears m a number 
of sharply defined hnes For undissociated compounds the emission 
takes place in groups of frequencies so that the spectrum consists of 
a number of broad bands although each band is resolvable into a 
number of fine hnes by a spectroscope of sufficiently high power 
This type of spectrum is termed a ‘‘ band ’’ spectrum The spectrum 
obtained from temperature radiation is, on the other hand, a “ con- 
tmuous ” spectrum and may be regarded, for the sake of convemence, 
as a mixture of waves of aU frequencies 

Photo-Luminescence, or Fluorescence. — ^There is a radiation 
phenomenon which has received a certam degree of apphcation to 
problems of practical illumination and which therefore deserves 
mention here, viz , the fiuorescence exhibited by certain substances 
such as eosme, rhodamme, phenosafranine, etc , which, when 
illummated strongly emit radiation of frequencies qmte different 
from that of the incident radiation It has generally been assumed 
that the frequency of the emitted radiation is always less than that 
of the incident radiation (Stokes’ law) but exceptions to this rule 
have been found, notably m the case of sodium vapour 

Attempts have been made to explam fluorescence as an absorption 
of energy by the electrons which thereupon emit it m radiation of a 
different frequency But this does not explam why aU absorbers 
should not exhibit fluorescence It seems probable that the absorbed 
radiation is stored up, either within the substance by chemical 
reaction or within the molecule by some mechanism at present 
unknown, and given out agam almost mstantaneously in the form 
of radiation charactenstic of the matenal A fluorescent body may 
thus be regarded as a kmd of catalyst for the transformation of 
energy from one frequency to another When the transformation 
IS not instantaneous, as m the case of certam bodies such as calcium 
and zinc sulphides, banum platmo-cyamde, etc the phenomenon is 
sometimes misleadingly termed phosphorescence. The last-named 
substance is used for X-ray screens on accoimt of its power of 
transforming the short Rontgen waves mto others l3nng within the 
visible spectrum. 

Some bodies, notably zinc sulphide, exhibit the power of emitting 
lummous radiation under the action of the a- or j8-particles from 
radioactive substances These are termed radio-lummescent, and 
are used, mixed with radium, for the illumination of watches and 
other objects which are required to be recognisable in the dark. 

Receptors of Radiation. — ^The above sections of this chapter have 
dealt mainly with the phenomena of the propagation and emission 
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of radiation, and of the theones put forward to explain these pheno- 
mena In this section the reception of radiation will be dealt 
with 

Naturally the most widely useful forms of energy receptor are 
those in which the energy is converted mto heat and so measured. 
The bolometer and the thermopile are the two instruments prmci- 
paUy employed for the purpose and m them the energy is absorbed 
by a black surface and the resulting rise in temperature causes an 
electric current to flow according to the well-known laws of thermo- 
electricity This current, measured by a galvanometer, gives a 
measure of the energy incident at the surface Energy distnbution 
IS investigated by first obtaining a separation of frequencies by 
means of a pnsm or a gratmg, and then using a bolometer or thermo- 
pile of extremely small breadth so as to receive radiation from as 
restricted a range of frequency as possible This subject will be 
dealt with more fuUy in Chapter XI 

For the spectral region which is chiefly important in photometry, 
mz , the visible range, the most important receptor is the eye Its 
behaviour wiU therefore be described m some detail in the next 
chapter 

There is, however, a third and entirely different form of receptor, 
the photo-electnc cell, which has received an increasmg amount of 
attention m recent years from workers in photometiy The pheno- 
mena underlying its action must therefore be noticed briefly. 

The Photo-Electric Cell. — It was shown in 1888 by W Hall- 
wachs that a negatively charged body gradually lost its charge 
when illuminated by ultra-violet hght, while a positively charged 
body remamed unaffected This phenomenon was called the 
photo-electnc effect It has smce been found that some substances, 
notably the alkah metals, show the same effect under the action of 
light m the visible spectrum, and the effect has therefore been apphed 
to the measurement of iUununation The particular form of 
apparatus used in photometric work is termed, somewhat mislead- 
ingly, a photo-electnc cell, and is descnbed in Chapter XI 
(p. 326) 

The phenomenon of photo-electricity results from the fact that a 
metalhc surface receiving radiation of a sufficiently high frequency 
emits electrons whose velocity, it has been found, may have any 
value from zero to a certain maximum u (for light of a given 
frequency). It seems probable that all the electrons leave the atom 
to which they ongmally belonged with an imtial velocity w, but that 
this velocity is reduced by an amount depending on the length of 
path they have to travel withm the metal before they finally emerge 
from the surface It has been found that the number of electrons 
emitted is a function of the mtensity of illummation only, and not at 
all of the frequency of the incident radiation, while on the other hand 
u depends only on the frequency of the mcident radiation, and not 
at all on the mtensity of the hght (®®) Further, there is a value for 
the frequency of the radiation which forms a mimmum below which 
no photo-electric effect is produced at aU With sodium, for example, 
if the frequency he below that of the green hght v = 17,300, no 
electrons are emitted (^’). The value of w is given by an expression 
of the form =: kcv Wo where k and u'o are constants for the 
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metal, and it is found that the average value of h for a number of 
elements ranges from 4 9 to 6 7 x erg /secs., while lOo is approxi- 

mately equal to e multiplied by Vo the ionisation potential of the 
substance, so that Wq is the work which has to be done on an electron 
to brmg it out of the sphere of attraction of the atom Hence it 
seems reasonable to assume that the incidence on an atom of an 
amount of energy Iccv is required before the electron can be emitted. 
Now h is always slightly less than, but of the same order of magmtude 
as, Planck’s constant h, so that agam the conclusion seems mevitable 
that exchange of energy between matter and ether can only take 
place m multiples of the mdivisible quantity hcv This would 
explain at once the mabihty of hght of less than the critical frequency 
to produce the photo-electric effect, for in this case a single quantity 
Ticv would be too small to hberate the electron, and the probabihty 
of the simultaneous mcidence of two such quantities on the same 
atom IS too small to be considered Further, as v increases so does 
the quantity hcv, and since the whole of this quantity must be 
absorbed by the atom it is employed m mcreasmg u 

It should be mentioned that other explanations of the photo- 
electric effect have been proposed with varying success, but the 
explanation given by the quantum theory is now almost universally 
accepted (®®). The chief difficulty which besets other theories is 
that a photo-electric effect can be observed when the energy reaching 
the surface is of the order of lO-"^ ergs per sq cm. per sec (of the 
same order as that detectable by the human eye) It follows that 
the energy reaching a smgle atom is much less than 10-^° ergs, so 
that if the electron can absorb only the amount of energy falling 
on the molecule m which it is contamed, a very long period must 
elapse from the time the hght is admitted to the beginning of the 
effect No such penod exists The effect takes place simultaneously 
with the admission of the hght If, however, the light be imagined 
to be concentrated m quanta, the emission of a single electron may 
take place as soon as one such quantum has reached the surface, a 
time quite mappreciable by any means at our command, even for 
the feeblest illuminations. 

The cause of the abnormal sensitivity of the alkah metals (and, 
to a much less extent, the metals of the alkah earths) has not so 
far received any theoretical explanation. The magmtude of this 
selective effect has been found by some workers to depend on the 
orientation of the plane of polarisation and on the angle of incidence 
of the hght reaching the surface, but this has been contradicted by 
others (®®) 

The sensitivity of a photo-electric cell, i e , the current due to a 
given lUummation, is mcreased by filling the cell with an inert gas, 
such as argon, at a pressure of a few milhmetres of mercury This 
increase is due to ionisation of the gas molecules by colhsion (®®). 
The electrons set free from the metal surface travel towards the 
anode owing to the electric field, and if in so doing they collide with 
a molecule of gas, the force of the impact may be sufficient to set 
free an electron previously held bound within the molecule These 
released electrons immediately travel towards the anode, and thus 
increase the current passing through the cell. 
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2, 1919, p 93 , and W Grosse, Central-Ztg f Opt u Meoh , 8, 1887, p 167 , and “ Die 
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CHAPTER m 

THE EYE AND VISION 


With the, at present, comparatively unimportant exception of 
certam methods of physical photometry, all light measurement 
depends ultimately on the use of the human eye Even m physical 
photometry the aim is to obtam an instrument which give 
results in accord with those which would be obtamed visually, so 
that it may be said that the eye remains, and must remain, the 
ultimate judge of hght, both quahtatively and quantitatively 
Certainly the spectroscope makes it possible to distmgmsh between 
light waves of neighbouring frequencies which are quite mdistinguish- 
able by visual means, and similarly a sensitive radiometer can 
detect differences of intensity which the eye cannot perceive , but 
for all ordinary photometnc purposes the eye is the final arbiter, 
and it is, therefore, necessary in any treatment of the subject of 
photometry to give some description of the construction and mode 
of working of this organ of special sense (^) 

The Structure of the Eye. — The eye is an ellipsoidal, nearly 
globular organ about 23 mm in diameter It will be seen from 



Fig 22 — ^Human Bight Eye divided nearly Horizontally through the Middle 


the section given in Eig. 22 that it is enclosed m a tough outer 
skin {S) termed the sclera, which is opaque to light This is replaced 
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at the front of the eye, however, by a transparent cartilaginous 
lamina termed the cornea {G), which is more convex than the 
sclera. Under the sclera is a second coat, termed the choroid 
{Gh)^ which IS much more delicate and consists almost entirely of 
blood vessels and nerves. It is black, being covered with a layer 
of black pigment which prevents interference with vision due to 
stray light reflected from its surface In front of the eye this coat 
is replaced by the ins (/), which forms an adjustable shutter capable 
of considerable alteration of aperture (from about 2 to 7 mm 
diameter), according to the amount of light entering the eye Its 
very rapid and absolutely automatic action m “ stopping down ” 
when a bnght object is looked at, tends to prevent injury to the 
retina from sudden exposure to excessive radiation (see p 55) The 
innermost coatmg of the eye, the retina {B), is an extremely dehcate 
film, consisting chiefly of nervous fibres which spread out from the 
optic nerve over the whole of the anterior surface of the choroid 

The interior of the eye is filled with three transparent media. 
The first, which fills the space between the cornea and the crystalline 
lens, IS nearly pure water, and is termed the aqueous humour (a). 
This has a refractive index of 1 336 Just behind the ms is a lens 
formed of a substance resembhng very thick jelly or soft gnstle, and 
having a refractive index of 1 45 at the centre, changing to 1*41 at 
the edge, so that the effective index is 1 437 (^) This lens is double 
convex, with the posterior surface of greater curvature than the 
anterior It is suspended m its place by a set of httle bands proceed- 
ing from the choroid coat, and known as the ciliary processes (ci). 
The whole of the space enclosed between the crystalline lens and 
the retina is filled with a thin jelly termed the vitreous humour (t;), 
which has a refractive index of 1*338. 

Accommodation. — When an object is looked at, waves of light 
proceeding from its various points enter the eye at the cornea and 
are refracted by the various media so that an image of the object 
IS formed on the surface of the retma Now the position of an image 
produced by any optical device depends upon the relative positions 
of the object and of the refracting elements of the device (see p 22). 
Hence, m order to produce a sharp image on the retina for objects 
at different distances, the refracting elements of the eye must be 
adjusted to suit the position of the particular object viewed at any 
given instant This adjustment, termed accommodation^ is achieved 
almost involuntarily by means of the cihary muscles, which produce 
a shght change m both the position and the curvature of the crystal- 
hne lens The effect of these changes was described m the last 
chapter (p 22) 

When hght enters the eye at the cornea, it "^indergoes refraction 
at the surface, according to equation (i ), p 22, with put equal 
to 7 8 mm It undergoes further similar changes due to refraction 
at the surfaces separatmg the various media within the eye, and 
finally an image is formed on the retina if the crystalline lens be 
properly adjusted in position and curvature 

When the eye is at rest it is focussed for distant objects, and the 
retma is at the position of the principal focus of the refractmg 
system, viz , 15 9 mm. behind the posterior surface of the lens, 
while the radii of curvature of the front and back surfaces of the 
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lens are respectively 10 mm. and 6 nun When the eye is accom- 
modated for seeing near objects, these radii are changed to 6 and 
6 5 mm. respectively, while the front surface of the lens is shifted 
outward by about 0 4 mm. The limit of accommodation is generally 
for objects about 25 cm from the eye for comfortable vision, although 
nearer objects may be accommodated with a certain amount of stram. 
The power of accommodation generally decreases with age 

The Mechamsm of Vision.-^o far a description has been given 
of the optical method by which objects seen form an image on the 
retina (®) The mechamsm by which this image is conveyed to the 
brain so as to produce the impression of sight is still obscure. The 
retina consists of a large number of elements (of the order of five 
milhon m all) of two kinds, termed respectively the rods ” and the 
‘‘ cones ” (^). These are shown diagrammatically in Fig 23, where a 
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Pig 23 — Section through the Retina 


A jSemi-dtaffram7natic 
Membrana Imutans interna. 

Nerve layer 
Layer of ganglion cells 
Inner reticular (molecular) layer 
Inner nuclear layer 


B Schematic only 
6. Outer reticular layer 

7 Outer nuclear layer 

8 Layer of rods and cones. 

9 Pigmentum epithehum. 
10 Choroidea. 

11. Solera 


magnified section through a portion of the retmal layer is also ^ven. 
When the retina is illuminated the cones become shorter and thicker, 
their tips receding from the normal unilluminated position. In and 
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around the rods and cones flows a peouhar photochermcally sensitive 
fluid, which in the dark is of a deep reddish -purple colour, but which 

IS rapidly bleached on exposure 
to hght (®) This fluid is called 
the visual purple, and there seems 
now to be no doubt that it is m 
some way connected with the 
phenomenon of vision It has 
been found, for instance, that 
the rate at which it is bleached 
under radiation of difEerent fre- 
quencies IS proportional to the 
sensitivity of the human eye to 
hght of those frequencies (see 
p 73) 

The rods and cones are not 
equally distnbuted over the sur- 
face of the retma There is at 
a pomt about 6° below and in- 
wairds of the optical centre of 
the eye an area, some 2 to 2 5 
mm. in diameter, over which 
there are very few rods at all, 
while the cones are very fine in 
structure and very closely packed 
(see Fig 24) It is significant 

that it is at this region of the 

retma (termed the 
macula lutea, M 
in Fig 22) that 
vision IS most 
clear, and the 
muscles control- 
ling the eyeballs 

Fig. 24 — Cones from different parts of always move these 

the Retma SO that the image 

A Equatorial Remon of an object, or 

B Periphery of Macula part of an object, 

^ to which attention 

IS bemg directed 
at any instant is formed m each eye on the very 
centre of the macula, where vision is at its sharpest 
This centre, termed the fovea centralis, is 0 24 to 
0 3 mm in diameter, and consists entirely of cones 
of extremely fine structure, rods bemg completely pia 25 — Bod 
absent over an area about 0 8 mm. in diameter m and Cone from 
the centre of the macula Over the other parts of veol^P^' of 

the retma the proportion of rods to cones steadily the Retma 

increases with distance from the macula, until at (Oreeff) 
the periphery they preponderate m a ratio of about 
10 to 1. The diameter of the cones vanes from 0 0016 to 
0 0064 mm. at the fovea This is approximately the same as the 
image eize of the smallest detail of an object which the optical 
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system of the eye is capable of resolving, for, on account of inter- 
ference of the hght waves, two points cannot be distmgmshed if 
their angular separation at the eye is less than l-2JvD, where D 
IS the diameter of the pupil. Smce the refractive mdex of the eye 
is 1 34, this angle becomes l*2/l*34i/Z), and at a distance of about 
22 mm this produces images which are about 0*003 mm apart, for 
V = 16,400 and D = 0*4 cm It has been stated that two pomts 
cannot be resolved unless their images on the retma are separated 
by at least one unaffected cone (®). Many theories have been put 
forward to explain the phenomena of vision, but as most of these 
find their most searchmg test m the explanation they afford of the 
phenomena of colour vision, consideration of them will be postponed 
until after these phenomena have been described. 

Prom the descriptions of photometric apparatus to be found in 
later chapters of this book it will be seen that the eye is called upon 
to perform various tasks, viz (a) to perceive small differences m the 
brightness of adjacent surfaces of either the same or different colours, 
(6) to perceive small differences of colour between equally bright 
adjacent surfaces, and (c) to perceive the flicker due to rapid alterna- 
tions of either equally bright but differently coloured surfaces, or 
identically coloured but unequally bright surfaces. The phenomena 
which do not involve colour differences will be dealt with first, and 
of these sensitivity to small differences of brightness is the most 
important 

Contrast Sensitivity. — In 1868 G T Pechner enunciated the 
law C^) that as the stimulus to the eye increased m geometric progres- 
sion, the resulting sensation increased in arithmetic progression 
Accordmg to this law the difference of brightness just perceptible, 
SB, IS proportional to B, and the ratio SB/B is termed Fechner's 
fraction The researches of A Komg and E Brodhun (®) have 
shown that, while this ratio is fairly constant over a very wide range, 
it ceases to hold for values of B below about thirty candles per sq. 
metre (®) It should be mentioned here that as the illumination 
of the retmal image vanes as the size of the pupil, which is inconstant 
and not under control, it is usual in sensitivity measurements to 
reduce aU the results to those which would be obtamed with a stan- 
dard pupillary aperture of 1 sq. mm (*) Por normal brightnesses 
it must be remembered that the actual illumination of the retmal 
image is probably at least ten times as great as this, while for very 
low brightnesses it may be thirty to forty times as great. 

In Pig 26 are given curves showing the relation between SB/B 
and B for white hght and for hght of vanous frequencies (Por the 
sake of convenience, values of log^o-B mstead of B have been taken 
as abscissae ) It will be seen that for values of B above about 30 
photons the Pechner fraction falls very slowly to a practically 
constant value of about 1 8 per cent With a normal pupillary 
aperture of 10 sq. mm this critical brightness would be three candles 
per sq metre This is a normal illumination for photometric work, 
and it is recogmsed that if lower illuminations have to be used the 


* The name “pl^oton ” has been given to the unit of retinal illumination , i e , the 
illumination of the rptina when the brightness of the object looked at is one candle per 
Sq^nare metre and the- aperture of the pupil is 1 sq mm (i®). ‘ ^ 
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sensitivity is reduced (^^). At low intensities the contrast sensitivity 
for red light is much less than that for white or blue hght. 
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Fia. 26 — ^Variation of Contrast Sensitivity with Brightness 

Various more or less empincal expressions have been proposed to 
fit the contrast sensitivity curve at all intensities (^2) None of these, 
however, is really satisfactory 

The contrast sensitivity of the eye is reduced, especially at low 
values of field brightness, by reduction m the angular size of the field 
of view (^®) 

Smce equahty of contrast mdicates equality of ratio of brightness, 
it has been suggested that when photometnc observations are reduced 
the mean taken should be the geometric (antilog of mean log) instead 
of the arithmetic The difference is generaUy too small, however, 
to be appreciable. 

Visual Acuity. — ^The ability to distingmsh detail is very closely 
connected with the brightness of the object viewed, and the contrast 
which its details present to the eye Individuals, as is to be expected, 
vary widely in this respect, but it has been found that m the case of 
black type pnnted on white paper there is always a limiting bright- 
ness above which no marked mcrease m visual acmty is perceptible. 
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The curves of Pig 27 show the results obtained by Dow for red and 
green lights (^®) The ordinates represent, on an arbitrary scale, the 
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Fla. 27. — ^Visual Acuity, 

fineness of detail which can be recognised with the lUumi nations 
represented by the abscissse. These results agree weU with those 
obtained in other expenments in which either speed of reading, the 
recognition of black type on white or coloured paper, or the dis- 
crimination of threads in a woven material, was used as the acuity 
criterion (^®) 

The dependence of visual acuity on colour and brightness may 
be descnbed generally by the statement that decrease m the Pechner 
fraction results, cetena panbus ^ in an mcrease of visual acuity. It 
appears, however, that acuitj^ is higher with a monochromatic than 
with a composite hght (^'^) The subject is comphcated by the 
mcrease of acuity brought about by pupillary contraction (see below) 

Forms of iUummometer for rough photometric work have been 
based on the abihty to distinguish detail as a cnterion (see p 236 
and note (32), p 373). 

Dark Adaptation of the Eye : Pupillary Diameter. — ^The enormous 
range of sensitivity possessed by the eye can readily be appreciated 
from the fact that the ratio of the brightness of objects seen by direct 
sunhght to that of the same objects seen by starhght on a clear 
moonless mght is at least 10 Tmllion to 1. So perfect is the adapta- 
tion over a very extensive part of this range that alterations of 
bnghtness in a ratio of as much as 100 to 1 are scarcely noticed if the 
change be not too sudden, for a book may be read quite as comfort- 
ably in a room which is weU hghted by artificial means as under the 
open sky at noon on a fine day in wmter when the brightness of the 
pages IS at least 200 times as great (^®) This power of adapting 
itself to different conditions of lighting makes the eye useless for the 
direct measurement of luminous energy, and, as has been said already, 
photometry depends on the eye solely for the determination of the 
equahty of two adjacent fields as regards either bnghtness or 
contrast (^®). 
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The process of adaptation, although so thorough, takes some httle 
time for its completion, and the mabihty to see detail when the eye 
IS brought suddenly from dark to bright surroundmgs, or vice versd, 
IS evidence of this The contraction or opening of the ins, it is 
true, takes place very rapidly, but this motion is hmited to a com- 
paratively small range, the TYiiniTnum hght admitted being at least 
one-twentieth of the maximum It has been said, m fact, that the 
contraction of the ins under bnght light is not so much for protection 
as for the improvement of the image on the retina, since it is a well- 
known consequence of the optics of image formation by lenses that 
the smaller the aperture through which the hght is admitted, the 
more perfect the image formation through the ehmination of the 
defect known as sphencal aberration (see p 23) Naturally a 
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Fig 28 — ^Variation of Pupillary Diameter with Field Brightness 

limit IS set to improvement m this direction by the fact that the 
bnghtness of the image vanes as the area of the aperture, and it is 
therefore only at comparatively high intensities that the ins is able, 
by stoppmg down, to improve the defimtion of the retmal image 
without decreasing its brightness below that required for easy vision 
In support of this conclusion it may be mentioned that the ins also 
contracts when the eye is looking at very close objects (within about 
30 cm ), a condition under which the effect of sphencal aberration 
IS more marked The variation of pupiUary diameter with bnght- 
ness of the object looked at is shown m Fig. 28 (^i) This vanation 
has been made the basis of a suggested method of absolute photo- 
metry (^^) 

Since the range of adaptation is so much -wider than can be 
accounted for by changes of pupillary diameter alone, it follows that 
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the greater part of the process must be located in the retina, which 
in some way alters its sensitivity to suit the order of bnghtness of 
the images formed on it The mechamsm by which this is accom- 
phshed IS not yet understood, but it is a phenomenon of extreme 
importance in photometry, especially when surfaces of exceptionally 
low luminosity are being compared The retinal sensitivity limit 

(defined as the reciprocal of the minimum observable, or threshold, 
brightness m photons) is, for the dark-adapted eye, about 7,000 For 
the same eye immediately after continued exposure to 2,000 photons 
the sensitivity limit is reduced to about 0 02 (2^) Adaptation takes 
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Tig 29 — Dependence of Sensitivity on Adaptation 

place very rapidly in passing from dark to Lght and less rapidly from 
hght to dark In fact, the comparatively slow increase of sensitivity 
of the eye suddenly brought mto a dark room is a matter of common 
observation It has been found that a period of at least ten minutes 
IS required for dark adaptation after the eye has been accustomed 
to normal dayhght conditions, while full adaptation takes at least 
an hour after exposure to very intense illuminations 

The increase of sensitivity varies at different parts of the spectrum, 
and the curves of Pig 29 fhow the relative sensitivity hmits 
(photons-^) throughout the visible spectrum of the eye adapted to 
vanous degrees of brightness (2®) The minimum illumination of the 
retina required to excite the sensation of (colourless) vision m the 
dark adapted eye has been studied by many workers (^'^) (see p. 67) 
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Glare : Effect of Lateral Illumination. — The temporary loss of 
sensitivity of the eye due to simultaneous or recent vision of an 
object, the brightness of which much exceeds that of the object looted 
at, is known as glare It has been defined as embarrassment of the 
eyes or vision associated with strong hght sensation ’’ (^®), and is 
probably due to the fact that “ the existence of (relatively) exces- 
sively bright areas withm the field of vision tends to shift retinal 
adaptation toward that required for the bnghter area Whatever 
the process of adaptation, it is probable that one part of the retina 
IS affected to some extent by the adaptation of another part ” 
Thus, lack of sensitivity to contrast m a darker part of the field of 
view IS the consequence of a general raising of the adaptation level 
to something approaching that demanded by the adjacent brighter 
parts (®o). 

There is but httle quantitative work available on the subject (®^), 
for one of the difficulties in defining or measuring glare is the fact that 
it does not seem to be simply related to visual acmty . Thus Cobb 
finds that, while for objects of relatively low brightness the presence of 
a surrounding field of relatively high bnghtness has the effect of 
lowering both the contrast sensitivity and the visual acuity, yet m 
the case where the surrounding field is shghtly bnghter than the test 
object, both visual acuity and contrast sensitivity are better than 
for a similar object surrounded by a dark background Sur- 
roundmgs of a bnghtness equal to or less than that of the test object 
appear to give the same results as dark surroundings. 

Cobb also investigated the effect of a bnght source of hght in the 
field of view of an eye looking at a test object He found that 
the visibihty of an object was reduced by an amount which mcreased 
with the bnghtness ratio of the source and object, and with diminu- 
tion of their angular separation (®®), except when the test object 
was very bright, in which case the presence of the lateral illummation 
produced an increase of visual acuity Cobb also concluded that 
the retmal image of the lateral hght did not cause any mterference 
with vision (at least with a separation of 16° or over), but that this 
interference was due to hght emanatmg from the bnght source and 
scattered over the retma by reflection or diffusion m the eye media 
This scattered hght may be a sufficiently small fraction of that 
transmitted to cause no di minu tion m the clearness of an object 
looked at, but in the case of a very bnght source it may seriously 
interfere with the sharpness of the image of a much less bnUiant 
object (^®) 

There seems, then, to be no close paraUehsm between the impair- 
ment of contrast sensitivity or of visual acmty on the one hand, 
and the visual disturbance and discomfort generally described as 
“ glare ” on the other It seems that “ the unpleasant feeling of 
dazzhng and the disturbance of vision produced by dazzhng are 
totally different things, and need by no means necessarily occur to 
the same extent at any given time ” (®’) Nutting has found that 
to an eye adapted to a field bnghtness of F candles per square metre 
the bnghtness of field which is just sufficient to produce discomfort 
is given by = 3,600 

In photometry, no doubt, it is the disturbance of vision which 
it IS necessary to avoid as much as possible. At the same time it is 
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well known that anything which tends to the discomfort, not of the 
eye alone, but of any organ of the body, induces fatigue and a 
consequent impairment of the capacity of the eye for accurate work, 
so that from this pomt of view any condition which can be descnbed 
as glaring, even to a shght extent, must be avoided if the highest 
degree of photometric precision is to be achieved This point will 
be further dealt with m a later chapter, when the psychology of 
photometric measurement is under consideration It is to be noticed 
that a highly polished surface, by directly reflectmg hght from a 
source to the eye of an observer, may cause glare m the same way as 
a self-luminous source (®®) 

Veiling Glare. — ^Another so-called form of glare is the loss of 
sensitivity due to the interposition, between the eye and the object 
looked at, of a veil ” of luminous material, as, for example, a very 
slightly diffusing surface The reduction of sensitivity is m this 
case simply due to a reduction of contrast, for it is clear that, if the 
brightness of the luminous surface be equal to that of the object looked 
at, small contrasts on the latter are reduced in effect to one-half of 
their true values. It is probable, too, that a tendency of the eye to 
focus on the “ veilmg ’’ surface produces a further loss of efficiency. 

Variations in the Sensitivity of the Extra-Foveal Retina. — ^What 
has been stated above has referred almost exclusively to foveal 
vision, naturally the most important for practical purposes. It is 
seldom realised how very imperfect is the outer part of the retina for 
accurate image perception Its main function is to give a more or less 
vague impression of the field surrounding the object looked at, and 
so to act as a finder ’’ for the macula, which, by means of very 
shght and rapid movements of the eyeball, is made to “ feel over ” 
the whole of the image just as the finger feels over a surface in order 
to obtam an accurate knowledge of its details. The limits of the 
visual field for a fixed nght eye are shown m Pig 30, where the 
curves marked J5, T, R and 0 show the hmits of the field over 
which perception of the colours blue, yellow, red, and green is 
possible with moderate brightness (^°). As might be expected, the 
visual acuity vanes greatly over this field, and the full curve of 
Fig 31 shows the order of the vanation across the retma along a Ime 
passmg through the fovea {F) This curve apphes to the light- 
adapted, or photopic, eye In the dark-adapted, or scotopic (^^), 
eye the acuity is much more constant over a range of 60° on either 
side of the fovea (broken hne of Fig 31), and, m consequence, with 
the dark-adapted eye the advantage of central vision is much less 
marked. It need scarcely be remarked that the curves of Figs. 30 
and 31 are hable to considerable variations from one individual eye 
to another. 

Talbot’s Law. — So far it has been assumed that the illumination 
of the object looked at, and therefore of the retmal image, has 
remained steady, but the effect of rapid vanations of illumination 
is of very great importance in photometric work, as will be seen 
when considermg (a) the sector disc, m which the effective brightness 
of a surface is reduced by a rapid periodic extmction of the lUumina- 
tion, and (6) the flicker photometer, in which the illumination of the 
field under observation is rapidly alternated from one intensity, or 
one colour, to another. 
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The sector disc is very widely used, and the principle on which 
it is founded was first proposed by Eox Talbot in 1834, and may be 
thus stated “ If a pomt of the retina is excited by a light which 
undergoes regular and periodic variations, and which has the 
duration of its period sufficiently short, it produces a contmuous 
impression equal to that produced if the hght emitted during each 
period were distributed unif ormly throughout the duration of the 
period ” (^®) It follows that the apparent mtensity of an mter- 
mittent light bears to the actual mtensity the ratio of the tune of 



Fra, 30 — The Field of Vision for DifEerent Colours at Moderate Bnghtnoss : Right 
Eye. (After Abney Reproduced by ^ermiaawn of the Royal Society ) 

Approximate Brightnesses 

Blue, 1 2 c /sq m Red, 0 9 o /sq m Yellow, 13 o /sq m Green, 6 3 o /aq m 


exposure to the total time, provided the speed of alternation exceeds 
that at which flicker ceases to be perceptible. In this form it is 
known as Talbot’s law (or sometimes the Talbot-Plateau law), 
and it has been found to hold at all flicker speeds above the necessary 
lower limit (^®), and down to a ratio of at least 3 per cent, for hght 
of aU colours, with an accuracy of at least 0*3 per cent 

This law would be a natural consequence if the eye responded 
instantaneously to changes of illumination, or if the rates of sensation 
change were identical for both mcreasmg and decreasing lUumma- 
tions. The first alternative cannot be true, or flicker would never 
disappear, and the well-known phenomenon of persistence of vision 
would be absent Like all physiological actions, the response of 
the eye to light, though rapid, is far from instantaneous (^®). It 
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has been found, in fact, that when hght is admitted to the retina 
the sensation rises rapidly to a maximum which is m excess of its 
final steady value This is possibly due to the fact that the final 
steady state is the result of an equilibrium between a ‘‘ positive ” 
luminous sensation effect and a “ negative ” fatigue effect, and this 
equilibnum is only attained at an appreciable time after the incidence 
of the illumination The length of this time depends on the intensity 
of the iUummation, bemg measured in seconds, or even minutes, for 
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Pig 31 — ^The Variation of Visual Acuity across the Retina (Upper curve after 
H Dor Lower curve after H Pi6ron) 

very low illuminations, while at ordinary intensities it is only a few 
hundredths of a second The results of experimental work on this 
point are given in Fig 32, m which is shown the behaviour of 
lights of different colours at certain definite intensities (®®). Blue 
hght produces by far the greatest overshoot, the sensation at 
0 07 sec after imtial exposure bemg at least five times as great 
as the final equilibrium value (94 photons) The effect is less 
marked for white and red lights (equilibnum value 124 photons), 
while with green it is comparatively shght In the case of pomt 
sources of hght there is no overshoot, except a very shght one for 
blue light (®^). The time lag in the perception of a decrease of 
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Fig 32 — ^Tho Rise of Visnal SensatioiL 
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bnghtness is of importance m the photometry of a rapidly decaying 
luminescence 

A cognate problem is the determmation of the tune necessary 
for the perception by the eye of a given amount of detail 
This also depends on the bnghtness and colour of the field of 
view 

Flicker Sensitivity ; Persistence of Vision. — ^In the statement of 
Talbot’s law given above the condition was laid down that the 
alternations of bnghtness should be sufiEiciently rapid to avoid any 
sensation of flicker The alternation penod at which this sensation 
disappears depends on both the colour and intensity of the hght. 
The period which may elapse between successive exposures without 
the appearance of flicker has been termed the duration penod, or 
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the persistence. It has been measured at vanous mtensities (®^), 
and the results found are shown m Fig. 33, m which the absciss® are 
retinal illuTm nations m photons (to a loganthmic scale), while the 
ordinates are the number of complete cycles per second at the hmit 
of the flicker sensation for white light, half the number of 
alternations between light and darkness which the eye is just 
incapable of distinguishing from a steady exposure when the penod 
of hght IS equal to the period of darkness This curve refers only to 
foveal vision. The persistence is somewhat less for the extra-foveal 
parts of the retina, so that flicker may be perceived by indirect 
vision when it is absent by direct vision For coloured hghts it 
has been found that the persistence is of about the same order 
throughout the visible spectrum so long as the luminosity remains 
the same (®®). (See also p 249.) 

In practical photometry a more important condition than that 
of alternation of light with complete darkness is the alternation of 
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two lights of slightly differing intensities. Since one method of 
photometry depends on the disappearance of flicker when the alter- 
nating bnghtnesses are equal, it is naturally of the utmost importance 
to determine for variously coloured hghts, and at various speeds of 
alternation, the difference of brightness which just produces the 
flicker sensation This has been studied extensively by Dow 
who has found that the percentage difference of brightness detectable 
as flicker depends on both the intensity and frequency of alternation, 
the minimum for white hght bemg about per cent, at intensities 
of 10 metre-candles or over (natural pupil), between alternation 
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Fia 34 — Doteotable Brightness Difference at various Flicker Speeds 


frequencies of ten to fifteen per second The results for white hght 
are shown by the curves of Fig 34 (®®). 

Visual Diffusivity. — The time lag m the perception of light and 
the phenomena of flicker have led Ives to propose the theory that 
the transmission of impressions from the retina to the brain takes 
place in a manner analogous to the conduction of heat through 
matter having a coefficient of diffusivity, this coefiicient m the case 
of the physiological phenomenon differmg m value with the frequency 
and intensity of the incident radiation This subject will be dealt 
with further in Chapter VHI , when the theory of the flicker 
photometer is considered 

Colour Sensitivity : The Luminosity (Visibility) Function. — ^It has 
already been stated (p 17) that the eye as a receptor of energy is 
not equally sensitive to hght waves of all frequencies , in other 
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words, equal quantities of energy in the forms of blue and yellow 
lights do not produce the same amount of visual sensation In fact, 
smce radiations of different frequencies produce effects on the eye 
which differ in kind (colour) as well as in degree (intensity), it follows 
that no real equahty can ever be attained On the other hand, if 
the difference of colour be not too pronounced it is a matter of 
common experience m photometry (where, in fact, exact identity of 
colour IS the exception rather than the rule) that the eye can give 
an equahty judgment which can not only be repeated with reasonable 
accurac}^ by the same mdividual, but which will also agree with 
similar measurements made by other eyes so long as these do not 
possess any marked pecuhanty as regards colour vision. “ Tin* 
mmd appreciates the lUummations as equally bright when tht»y 
make equal claims on the attention What determmes this claim is 
obscure, and m any case does not concern us here , the important 
pomt IS the experimental fact that for radiations of different wave- 


lengths there is an umque relation between the quantities received 
by unit area of the retma for which the radiations will be regarded 
as equally bright ” (®®) The inverse ratio of the energies, in radiation 
of two different frequencies, which will produce the same visual 
effect IS defined as the relative luminosity (or visibihty) at th(\so 
two frequencies, and the reciprocal of the energy required to produce 
a certam degree of visual sensation at any frequency may, therefore', 
be termed the ‘‘ luminosity ’’ of radiation of that frequency The 
lummosity of a given heterochromatic radiation is, therefore, the 
sum total of the products found by multiplying the energy at each 
frequency by the luminosity of radiation at that frequency. This 
function IS the factor which converts the physical quantity enerev 
into the psycho-physiological quantity hght ’’ It is, therefor^of 
the utmost importance m photometry, and great care has been 
devoted to its accurate determination at aU frequencies within the 
visible spectrum (see later. Chapter X , p 294) The values obtaineil 
for normal values of field brightness (30 photons or over) are shown 
in tabular form in Appendix IV , p. 471, and graphically in Pig ISO, 


The onginal determinations made by Komg m included 
results at various degrees of brightness, and from thesrthftil 
shown on page 65 has been calculated (ea) to show the variation of 
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but bttle alteration m the luminosity function, while from 15 photons 
upwards a second steady state is reached. Betweerthese Imnt? 
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photometrically (see also p. 296) radiation as evaluated 



THE EYE AND VISION 65 

Tablb of Valttiis of thd Lumutosity (VisreiLirr) FTTNOTtON thbottqhout the 
Spfctbtim: at vabiotts Valthis of !Field Bbiohtn’ess. (Reoaloulated from 
A. KOnig’s values ) 


Bnghtness 
(Photons J. 

0 00016 

0 0016 

0 0242 

0 386 

154 

6 16 

1 246 

1 98 6 

398*6 

A 

(m^*) 

430 

-100 

233 

0 081 

0 093 

0127 

0 128 

0114 

0 114 
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460 

222 

0 33 

0 30 

0 29 

0 31 

0 23 

0-175 

0*16 
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0 63 

0 69 
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0 68 

0 61 

0 29 

0 26 

0 23 
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0 96 

(0 89) 

(0 76) 

(0 89) 

(0 83) 

0 50 

046 

0 38 

0 36 
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198 

100 

100 

100 

100 

0 99 

(0 76) 

0 66 

0 61 

0 64 
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192 

0 88 

0 86 

0 86 

0 94 

0 99 

0 86) 

0 86 

0 85 

0 82 
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0 61 

0 62 

0 63 

0 72 

0 91 

(0 98) 

0 98 

0 99 

0 98 
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0 26 

0 30 

0 34 

0 41 

0 62 

084 

0 93 

0 97 

0 98 
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0 074 

0 102 

0 122 

0168 

(0 39) 

(0 03) 

(0 76) 

(0 82) 

(0 84) 

690 

169 

0 026 

0 034 

0 064 

0 091 

0 27 

0 49 

0 01 

0 68 

0 69 

006 

166 

0 008 

0 012 

0 024 

0 066 

0173 

0 36 

(0 46) 

064 

0 56 

626 

160 

0 004 

0 004 

0 011 

0 027 

0 098 

0 20 

0 27 

0 36 

0 35 

660 

164 

0 000 

0 000 

0 003 

0 007 

0 026 

0 060 

0 085 

0 122 

0133 

670 

149 

0 000 

0 000 

0 001 

0 002 

0 007 

0 017 

0 026 

0 030 

0 030 
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603 

604 

604 

608 

613 

630 

641 

643 

544 

V max 

-100 

199 

198 

198 

197 

195 

189 

185 

184 

184 


The Purkyng Effect. — ^It has long been known that if a red field 
and a blue field are illuminated so as to have the same brightness, 
a reduction of the illumination of both fields in the same proportion 
will cause the red field to appear darker than the blue after a certain 
limit of reduction has been reached (®®) This is on account of the 
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Fig 36 — ^Frequenoy of Maximum LummoBity 

change m the lummosity function at low mtensities (see previous 
paragraph) It is not noticeable for frequencies from v = 20,000 
to V = 25,000, as the ratio of the ordmates of the luminosity curves 
at high and low intensities is approximately constant over this 
range (®^). The ratio, however, changes rapidly between 16,000 and 

p F 
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20.000, so that a ratio of 1 : 3 at 21,000 becomes a ratio of 16 1 at 

17.000. The intensity at which this effect becomes noticeable is 
found from Fig 36, which shows the relation between the ratio 

^^<3. intensity for the pair of wave-numbers = 16,900 
and 1/2 = 19,200 («5). 


0*9 



O 

0 001 0 01 0 1 I 10 100 1000 

TvetmoL JUumuiatLOiL (Plicrtoiia) 

Pig 36. — ^The PurkynS Efieot. 

The Purkyng effect renders the photometric comparison of 
differently coloured lights at low intensities almost impossible, unless 
the surfaces concerned be very small, for it has been found that the 
effect IS absent at the fovea (®®) In fact, if a blue and a red surface 
be matched at a low value of brightness, the red will appear brighter 
than the blue if the areas of both surfaces be reduced so as to cause 
both images to faU on the central (rod-free) part of the macula lutea 
This phenomenon is known as the “ yellow-spot effect 

Chromatic Sensitivity. — ^The number of parts mto which the visible 
spectrum can be divided so that each part can just be distmguished 
m hue from the parts next to it varies greatly with mdividuals, 
v%z , from about thirty to fifty, even for those with what would be 
termed “ normal ’’ colour vision (®^). A considerable percentage of 
individuals have defective colour-vision to a greater or less extent, 
though, unless pronounced (as m the really colour bbnd ”), it often 
remains unsuspected for a long time The eyes of such mdividuals 
naturally have not the same form of luminosity curve as that shown 
in Fig. 186, and their readmgs in photometry where there is any 
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considerable colour difference are consequently unlike those that 
would be given by the normal eye (see p. 263). 

It has been found that the just perceptible difference of frequency 
which can be detected by the normal eye is different at different 
parts of the spectrum The curves of Fig. 37 show the ‘‘ chromatic 
sensitivity ” (least perceptible wave-number and wave-length 
difference respectively) throughout the spectrum (®®) 
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Fig 37a — Chromatio Sensitivity (Wave-Number Basis) 


In connection with the measurement of colour (see Chapter X , 
p. 307), it IS of mterest to know what is the least proportion of white 
light which can he added to any given coloured hght before the 
change of hue becomes perceptible to the eye This subject has been 
studied by several workers, but the results obtained are, as might 
be expected, somewhat diverse (®®). The least perceptible mcrement 
of colour depends on the mtensity and degree of coloration of the 
field, and on the hue of the added colour The least amount of a pure 
colour which is just noticeable when added to white is of the order 
of 1 per cent for the more saturated colours, red and blue, and about 
2 per cent for yellow and green 

Extinction of Colour ; Threshold of Vision. — ^It is readily shown 
by experiment that the sensation of colour is lost before the sensation 
of hght, especially m the case of the higher frequencies (^®). Curve A 
of Fig 38 shows the bnghtness at which recogmtion of colour ceases 
(mean of two observers) at different parts of the spectrum. Curve B 
shows the values at which the sensation of hght ceases for a scotopic 
eye (”^) (see also p 66). The ordmates are the logarithms (to 
base 10) of the intensities in photons It will be seen that at the 
red end of the spectrum both sensations disappear almost simul- 
taneously, while at the blue end the colour is lost long before the 
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light has disappeared At intermediate intensities the sensation 
is that of a nondescript grey. This mterval between the threshold 
of light sensation and the lower limit of colour perception is known 
as the photocliromatic interval/^ and has been found to mcrease 
greatly from fovea to periphery (’®). At the other end of the scale, 
it is to be noticed that at a sufficiently high intensity the tendency 
of aU colours is to become yellowish-white. 

Limit of Visibility. — ^It is not often m photometry that recognition 
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of extremely small and famt sources of hght is required, but this is 
of great importance m problems connected with the visibility of famt 
signal hghts of various colours. At very low intensities it has been 
found that the visibility depends mamly on the total candle-power 
of the object, and very httle on either its actual bnghtness or its 
size alone so long as it subtends an angle of less than 60' at the 
eye This means that for very low intensities the physiological 
effect of light is cumulative and mdependent of the area over which 
it is distributed up to the hmit mentioned As the source mcreases 
in size to a diameter of about 4° the effect of accumulation becomes 
less, and above this hmit the apparent brightness is proportional to 
the real brightness, provided the limitmg amount of hght (i e., the 
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threshold amount required to produce visibility) is incident on the 
area occupied by a single cone of the retina. The amount of white 
light required ]ust to produce visibihty (the “ threshold quantity 
is that given by a source of a candle-power between 0 1 and 0 2 at 
a distance of about 1,000 metres This amount increases as the 
square of the distance between the source and the observer (^®), so 
that results of this land may convemently be expressed m terms of 
the illumination of a surface placed in the position of the eye of the 
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Tio 38 — ^Extinction of Light and Coloar 
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observer The above figures of visibihty for white hght, viz , 1 to 
2 X lO-*^ metre-candles, refer to foveal vision. In the case of green 
or blue hght, however, the threshold quantity is much less for 
regions of the retma at a short distance away from the fovea, so 
that these lights, even if invisible when directly looked at, may be 
squmted ” by directmg the attention to a point at a small angular 
distance away from them 

The visibility of coloured hghts has been studied by Broca and 
Polack C^®), who have found that for red hghts the visibility is better 
by foveal vision, the illumination required at the eye in this case 
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being about 2 x 10-’ metre-candles, while for peripheral vision 
more than twice this illumination is required. The extmction point 
for colour is practically the same as that for bght For blue-green 
light, peripheral vision is better than foveal, the illummations 
required being about 2 X lO-® metre-candles ('^^) and 1 2 X 10-® 
metre-candles respectively for recogmtion of light, and 8 x 10-^ 
metre-candles and 5 X 10”® metre-candles for recogmtion of colour 
With white light recognition is easier by penpheral vision, the 
limiting illumination being 3 X 10-^ metre-candles For foveal 
vision the hght appears white down to a hmit of about 4 x 10-® 
metre-candles, and below this it appears reddish, but is still recog- 
nisable as hght down to the hmit stated above. It follows that the 
PurkynS effect found in the case of extended surfaces is reversed 
for point sources when seen by foveal vision C^®). The effect of a 
neighbouring bright hght on the ability to distinguish the colour of 
a small source has been investigated by F Gotch C^®) 

The Visibility of Light of Brief Duration. — ^The figures just given 
refer to steady lights contmuously visible for sufficiently long periods 
to avoid any time effect. Much work has been done on the visibihty 
of flashmg lights (®®). It has been found experimentally that a pomt 
source giving an illummation E at the eye for a brief penod of time t 
will be visible so long as {E — Eo)t > aEo, where Eo is the hmiting 
illumination for visibihty of a steady source of the same colour, 
and a IS a constant which may have any value between 0 16 
and 0 30 sec., according to the observer The expression is not 
valid if t be less than one-tenth or greater than about 2 to 3 secs (®^). 

Contrast and After-Image ; Spatial and Temporal Induction. — 
The effect produced in one portion of the retina by the illummation 
of a contiguous portion (spatial mduction) is often referred to as 
“ contrast ” (®®), smce it is of the same kind as that which would 
result on the supposition that any stimulus apphed to one part of 
the retina produces a partial fatigue of all parts in its immediate 
neighbourhood for that particular kind of stimulus (®®). Thus the 
dark background of a small bright area appears to be darker near 
the edge of the bright patch than elsewhere, a bright red patch on 
a darker colourless background appears to be surrounded with a 
faint halo of a colour which is not far removed from its comple- 
mentary green (®^), and so on (®®) The explanation of contrast 
effects may be partly psychological (®®). 

The peripheral part of the retma is particularly sensitive to 
brightness contrast, and this fact has been made the basis of a 
method of heterochxomatic photometry (®^). 

Corresponding with the above phenomenon of “ simultaneous 
contrast ’’ there is a temporal effect known as “ successive contrast.” 
It IS a matter of common observation that after the eye has gazed 
for some time at a bright object it wiU, on the gaze being transferred 
to a featureless white surface, show a more or less blurred image of 
the object previously looked at. If the original object be colourless, 
the after-image will be dark grey (®®), while if the origmal object be 
strongly coloured, the after-image will be of the complementary 
colour (see p. 303, m/m). This phenomenon is known as the 
“ negative ” or ‘‘ complementary ” after-image (®®) 

A rather more difficult after-image to observe is that which may 
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be noticed on closing the eye quickly after gazing at a bnght hgbt. 
The bright image seen is known as the ‘‘ positive ’’ after-image. It 
gives place to the negative after-image after a time mterval depend- 
ing on the relative brightnesses of the exciting object and of the 
surface to which the gaze is transferred (®®). The colour of the 
positive or homochromatic ” after-image is the same as that of 
the excitmg source. 

A related phenomenon is that which may be noticed when a very 
small bnght object, such as an illuminated pinhole surrounded by 
a dark field, is gazed at steadily for some time. The bnghtness 
appears gradually to dimin i sh with lapse of time, and in the case of 
an object near the limit of visibility, it frequently appears to wax 
and wane if the gaze be directed to it contmuously. 

The Mechanism of Vision. — Vision is the result of the mcidence 
of light on the retinal layer While seK-luminous bodies are visible 
by reason of the light which they emit in the direction of the 
observer’s eye, an illuminated body is only visible by reason of the 
hght which it receives from some self-luminous body and returns 
to the eye by reflection from each element of its surface Frequently 
the light suffers many reflections m its passage from the luminary to 
the eye, but m all cases it is an image of the last reflecting surface 
(unless this be highly polished so as to act as a mirror) which is 
formed on the retma The retma receives radiant energy m the 
form of electromagnetic waves , the bram receives, by means of the 
optic nerve, the sensation of hght It is the intermediate mechamsm 
that must be considered in this paragraph, as on this depends the 
explanation of the relation between the energy stimulus and the 
visual perception, which is an all-important factor m the measure- 
ment of hght 

It is here that the physiological and psychological links in the 
chain connectmg stimulus with impression must be considered In 
both of these regions, but especially the latter, the existmg state of 
knowledge is still very incomplete. The connectmg hnk between the 
retina and the cerebral region, which is the seat of vision, is the 
optic nerve, and this, although itself insensitive to hght waves, can 
be stimulated apart from the retma, and then the sensation of hght 
is produced accordmg to MuUer’s law 

The Trichromatic Theory. — ^Various theories have been put 
forward as to the maimer m which the physical stimulus, the hght 
energy, acts on the different elements m the physiological receptor, 
the retinal cerebro-neural system, so as to stimulate it in such a way 
as to evoke the sensations of hght and colour Of these the earhest, 
and the one which still seems to afford a satisfactory groundwork, 
is the trichromatic theory of Thomas Young (®2), elaborated by 
Hermann von Helmholtz Accordmg to this theory, the receivmg 
mechamsm in the eye is tlnee-fold, each part, when stimulated, giving 
rise to one of the primary sensations of red^ green and Hue. Each 
mechamsm has a “ lummosity curve ’’ similar to that of the eye as 
a whole (see p. 295), the maximum m each case being in the spectral 
region which gives its name to the sensation These luminosity 
curves are shown m Pig 188 (p. 299) Their form has been arrived 
at by studying the phenomena of colour mixture and the vision of 
colour-bhnd subjects m whom, it is supposed on this theory, one or 
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more of these prunaoy sensations is absent or deficient. The resultant 
effect produced on a normal eye by light of any given frequency is 
the mixed sensation due to the stimulation of the three primary 
sensations in the proportion mdicated by the ordinates, at that 
frequency, of the three curves of Eig. 188 The sensation white 
results from the simultaneous stimulation of all three sensations m 
the correct proportions, and the curves of Eig 188 have been redrawn 
in Fig 190 (p. 301; in such a way that, when sensations represented 
by equal ordmates on each of these three curves are combined, the 
resultant sensation is white. The use of these curves for the specifica- 
tion of colour on a scientific basis and the study of the effects of 
mixing lights of different colours will be described in Chapter X,, 
but, as an example of the adequacy of the Young-Helmholtz theory 
to account for the phenomena of colour mixture, the effect of super- 
posing a red and a green light on the retina may be considered here 

It will be seen from Fig. 190 that light for which v < 14,900 
excites only one sensation, the red, while hght of any other frequency 
excites two (v C. 17,200), or aU three sensations in varying propor- 
tions. It follows that when hght from the red end of the spectrum 
IS added m suitable proportion to spectrum green, the result will 
appear to the eye as a mixture of spectrum yeUow together with 
white, for the blue sensation evoked by the green hght combme 
with equal amounts of red and green sensation to give white, and 
the remammg red and green sensations will, m combmation, give 
the same sensation as a spectrum yeUow. The effect thus predicted 
by the theory is in complete agreement with the experimental 
facts (®^). 

Many of the phenomena of colour vision described in the fore- 
going paragraphs may also be accounted for satisfactorily on the 
Young-Helmholtz theory. The Purkyn6 effect, for instance, may be 
explained on the assumption that the limits of the red, green and 
blue sensations are reached in the order named as the mtensity of 
the light is reduced. The theory fails, however, to account for the 
colourless vision at low intensities To overcome this difficulty, 
J. von Kries proposed (®®) the “ duplicity ” theory of vision, according 
to which the rods are the percipient agents for the sensation of 
luminosity, but have nothing to do with the appreciation of colour 
which resides in the cones alone. This theory, which must be 
regarded as an extension of the Young-Helmholtz theory, has the 
additional advantage of satisfactorily aocountmg for the regional 
vanations of colour and hght sensitivity mentioned m previous 
sections of this chapter (e g , pp. 58, 66), as a result of the manner 
in which the rods and cones are distributed over the retinal surface. 

The growth of visual sensation and positive after-image must be 
regarded as due to a time-lag in the mechanism which translates 
stimulus mto sensation Over-shoot ” and negative after-image 
may readily be explained by assuming that the action involved m 
the production of sensation also sets up an opposing action, which 
may be of the nature of fatigue of the physiological action or 
inhibition of the psychological perception (®®). The equilibnum 
sensation resulting from continued constant stimulus is, then, the 
balance between action and inhibition when both have attamed a 
steady value. The case is exactly analogous to a reversible chemical 
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system in which a supply of energy at a given rate results m a shift 
of the balance pomt between the two opposed reactions Contrast 
effects could result from the spread of inhibition to neighbouring 
areas, otherwise their basis must be placed in the psychological 
phase, , they must be classed as “ illusions,’* having no physical 
or physiological origin 

The chief difficulty m reconciling the Young-Helmholtz-von 
Knes theory with the known facts of physiology is the total absence 
of any apparent tnphcity in either the rods or the cones This has 
led E W. Edridge-Green to make the visual purple (see p 51) 
the essential element in hght perception Photo-chemical action in 
this substance stimulates the ends of the cones, and the nature of 
this stimulus, being dependent on the range of frequency of the 
hght, IS translated into colour sensation by a special perceptive 
centre in the brain On this theory the rods, under the influence of 
light, produce and circulate the visual purple, but have no perceptive 
function, the cones being the sole percipient retmal elements An 
interesting fact in connection with this theory is the similarity, 
already mentioned, between the scotopic lummosity curve of the 
eye and the rate of bleaching of visual purple by equal quantities 
of hght energy of different frequencies (see Pig 39) (®®) Dark 
adaptation is the result of a gradual mcrease m the concentration of 
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Tig 39 — ^The Bleaolimg of the Visual Purple The crosses show observed rates of 
bleaching The full line is the scotopic luminosity curve 


visual purple in the fluid surrounding the cones The increase of 
acuity of central vision produced by iflumination of the background 
(see p 57) is explained as being due to the increased production of 
the visual purple by the rods under the stimulating action of the 
general iflumination, and the diffusion into the rodless fovea of the 
visual purple thus formed (**). 
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It wiU be noticed that the Edridge-Green theory does not define 
the nature of the stimulus communicated by the visual pui^ple to the 
cones, nor the way in which the nature of this stimulus vanes with 
the frequency of the hght Theones depending on electrol5rfcio 

dissociation and photo-electno action have been pro- 
pounded, but for an account of these and the other prmcipal theones 
of vision the onginal papers should be consulted 

One other theory of which particular mention must be made 
IS that of E. Hering in which the possible sensations in vision 
are divided into three pairs, viz , black-white, red-green, and yellow- 
blue Corresponding with each pair is a hypothetical visual substance 
which undergoes chemical change in one direction when the retina 
is iUuminated by hght giving the first-named sensation m the pair 
{e g., red), while the other sensation (green) is the result of chemical 
change in the opposite direction. This theory provides an adequate 
explanation of the most important phenomena of contrast, but it 
shares with the three-colour theory the disadvantage of requiring 
tnplicity m the retinal sensitive structure 

In conclusion it must be emphasised that all that it has been 
possible to give m the foregoing sections is a disjointed and totally 
madequate descnption of some of the phenomena of vision, most 
attention having necessarily been devoted to the particular aspects 
of the subject which are of greatest importance m everyday photo- 
metry. A lack of appreciation of the peculiarities of the visual 
process has led repeatedly to the publication of results which are 
totally lacking in value, either because they refer to a condition of 
the eye which is different from that prevailing in ordmary circum- 
stances or because msufficient details are given to enable the results 
to be correlated with other data obtained, probably, under qmte 
different visual conditions The influence of field size and brightness 
on the results obtamed by means of a flicker photometer may be 
cited as a particular example It is more than likely that in many 
of the branches of practical photometry there are unrecognised sources 
of uncertamty which may, later on, be traced to some at present 
unsuspected phenomenon of vision 
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CHAPTER TV 


THE PRINCIPLES OF PHOTOMETRY 


PsoTOMBTBY may be defined as tbe measurement of light by 
visual comparison, and the two precedmg chapters of this book have 
been devoted respectively to a consideration of the nature of light 
ft Ti'l to a description of the way m which the eye responds to luminous 
radiation In this chapter the various photometric quantities will 
be defined and described, and their relations to one another will 
be derived Eor this purpose the definitions adopted by the Inter- 
national Commission on Bluimnation m 1921 and 1924 will be 
employed, and defimtions not yet formulated internationally will be 
taken, from the reports presented to that Commission by the British, 
French or American National Blummation Comnuttees (^). 

Luminous Flux and Luminous Intensity. — ^In any system of 
photometric definitions it is possible to start either with the luminous 
mtensity (candle-power) of a hght source or with the rate of flow 
of the lummous energy produced by a source The first of these 
arrangements possesses the advantage that the only quantity which 
can conveniently be used for the purpose of standardisation is the 
luminous mtensity of a specified hght source (®). On the other bfl.r i d 
the most fundamental notion m photometry is that of the radiant 
energy which, when it reaches the eye, produces the visual sensation, 
and very often this radiant energy is considered without reference 
to its source 


It will be most convenient for the purposes of tbs chapter to 
consider both the energy and its source together, and, therefore, the 
internationally agreed defimtions of lummous flux and of luminous 
intensity are here given as follows . — 

“ LiTtmus-otts Hiirx is the rate of passage of radiant energy evaluated 
by re^eieme to the luminous sensation produced by it. 

Although luminous flux should be regarded, strictly, as the rate 
of pass^e of radiant energy as just defined, it can, nevertheless, be 
accepted as an entity for the purposes of practical photometry, since the 
velocity may be regarded as being constant under those conditions 

The LUMmoTJS intensity {candle-power) of a point source in 
any direction is the luminous flux per unit solid angle emitted by that 
source in that direction {The flux emanating from a source whose 
dmiensions are negligible in comparison with the distance from which 
It 'IS observed may be considered as coming from a point ) ” 

It TNoU be seen from the foregomg defimtions that the luminous 
at a ^ven pomt m space is the amount of radiant energy passme 
^at point in ^t tme, but with the proviso that the ener^is not 
measured m the ordmary physical umt, the erg, but m luSnosity 
the n^ber of ergs per second wboh is equivalent to 
a given amount of lummous fiux is dependent on the frequency of 
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the waves by which that radiant energy is conveyed (see Chapter III., 
p. 63), and unless these waves be of a frequency which is able to 
stimulate vision the luminous flux is zero, whatever be the amount 
of radiant energy measured physically (®). 

Many analogies have been proposed to illustrate the conception 
of luminous flux (^) Magnetic flux is not comparable smce it 
involves no transfer of energy. Perhaps the most satisfactory analo- 
gies are to be found either m hydrauhcs or in electricity. If the 
energy be regarded as similar to an incompressible fluid such as 
water (®), then lummous flux corresponds with the flow past a point, 
and the unit of luminous flux, the lumen (to be defined later), 
corresponds with gallons of water per hour, the speed of the current 
being assumed constant. Similarly, if the energy be regarded as 
analogous to electricity, so that when evaluated according to its 
luminosity (ergs X KJ) it is represented by quantity of electricity 
in coulombs, then the luminous flux corresponds with the current, 
and the lumen is represented by the ampere 

Neither of these analogies is really satisfactory, since the essential 
fact of the rectilinear propagation of radiant energy is not imphed, 
and therefore the vector nature of luminous flux is not brought out. 
In order to avoid misconception when using the term “ lummous 
flux,’’ it is often useful to recall the real nature of this quantity, for 
“ it has frequently been loosely used m the past as if it represented 
the entity itself, and not, as it does m fact, a rate of passage of the 
real entity, viz,, energy. It is true that since the velocity of propa- 
gation of this energy may be taken as constant, the rate of passage 
IS proportional to something which may be convemently looked upon 
as an entity. In the same way electric current, which is the rate of 
passage of electricity, is almost mvariably looked upon as an entity. 
Provided its real nature be kept m sight, there is much to be gained 
in conciseness of expression by using the word ‘ flux ’ in the way 
proposed Care must, however, be taken to preserve the distinction 
between luminous flux, as now defined, and energy ” (®) 

In the defimtion of luminous mtensity it will be noticed that a 
point source of light is assumed, i e , a source whose dimensions are 
neghgible in comparison with the distance at which the flux is 
measured The nearest practical approach to a point source is a 
fixed star as viewed from the earth The energy emitted from such 
a source may then be regarded as travellmg outwards radially in the 
form of waves which are perfect spheres It should be noticed, in 
passmg, that the luminous mtensity is not here assumed to be the 
same m all directions A source of which this was true would be 
termed a “ uniform pomt source ” A vanable star is an illustration 
of a non-uniform point source, for at any instant its luminous 
intensity is not the same in all directions in space. Since in this 
defimtion the lummous mtensity in a single direction only is under 
consideration, it follows that it is only the flux density m that 
direction which is referred to 

The luminous intensity m any direction is measured in terms of 
flux per steradian (^), for m the defimtion of luminous mtensity it 
IS the angular density of the flux along ^ hne that is spoken of. This 
may be regarded as analogous to pressure at afpomt. The actual 
flux along a line is the rate of energy transfer "across any point of 
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that line, and, like the pressure on a mathematical point, has no 
meaning, except as a limit (®) It may be regarded as Lim. Flo), 
or dFjdw, where F represents the flux within a sohd angle o) con- 
taining the hue under consideration 

It will be noticed that in the defimtions given above for the 
quantities ‘‘ luminous flux and luminous mtensity ” the second 
of these ideas is made dependent on the first When the umts are 
defined, however, it is necessary to reverse this relationship, since 
the unit of luminous intensity (the candle) is the pnmary reproducible 
quantity The units are therefore defined as follows — 

The unit of luminous intensity is the inteenational candle, 
such as resulted from agreements effected between the three national 
standardising laboratories of France^ Great Britain and the United 
States of America, in 1909 * This unit has been maintained since 
then hy means of electric incandescent lamps in these laboratories, which 
continue to be entrusted mth its maintenance,^^ 

* These laboratories are • the Lohoratoire Central dFlectncite 
in Fans, the National Physical Laboratory in Teddington, and the 
Bureau of Standards in Washington ” (®). 


y The unit of luminous flux is the lumen. It is equal to the flux 
emitted in unit solid angle by a uniform point source of one international 
candleP 

The term which has been most commonly used in the past to 
express the light-giving power of a source is “ candle-power ’’ This 
word, includmg as it does the name of the unit, is not altogether 
satisfactory as a general expression for the quantity itself It is, 
therefore, preferable to use the term luminous intensity ’’ where 
no actual measure is involved, and to reserve the word “ candle- 
power for luminous mtensity expressed m international candles 
ihim the statement that the candle-power of a lamp is 16 is eqmvalent 
to the statement that its lummous intensity is 16 international 
16 c p lamp ’’ IS an abbreviated form of expression 
wmcli may sometimes be convenient 

of luminous intensity is actually 
maintained wdl be considered m detail m Chapter V It must be 
remarked here, however, that m the definition of the lumen a uniform 
pomt source is post Jated This is clearly impossible of attainmeS 

SI? The actual international candle, there- 

le, 13 a source wbch, under the conditions of use to be defined 

a iinifri ^ results equal to those that would be obtained with 
a uniform pomt source to an accuracy weU withm the hmits of 

perhaj^t nt^e'Ttfthe 

Setal between two lines on a bar of 

those hues should be mathematical hues 
mthout breadth, and therefore mvisible Practically their centres 


I = dF jdco and F = ydoy, 

where F is the luminous flux measured in lumens, I is the candle- 
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power measured m international candles, and cy is a solid angle 
measured in steradians 

Candle-Power Distribution ; Mean Spherical Candle-Power. — ^It 

has already been said that a uniform point source, or even a point 
source, is unattainable under practical conditions. At the same 
time it is often sufficiently accurate to regard many small sources, 
though of appreciable dimensions, as pomt sources for photometric 
purposes, the hmit to what is allowable being set by (a) the accuracy 
of measurement desired, and (6) the ratio of the linear dimensions 
of the source to the distance from it at which the measurements are 
made (^^). While this is true, the question of uniformity is quite 
another matter This does not at all depend upon distance, and 
for many practical purposes a source which may quite well be 
regarded as a point source can by no means be regarded as uniform. 
For example, although an electric lamp of ordinary size may be 
regarded as a pomt source at distances exceeding a metre, the 
candle-power of such a lamp m the direction of the cap is very small 
compared with that m the direction of the pip, and this again often 
differs considerably from that in a direction perpendicular to the axis 
of the lamp 

The expression candle-power qf a source ” is therefore in- 
definite unless either the value m a single definite direction or the 
average value withm a given region be specified The most 
commonly used values of candle-power at the present time are 
(a) the candle-power in some well-defined direction, (6) the average 
value of the candle-power m aU directions in space. Of these two 
systems, the first is at present capable of more accurate determina- 
tion, and is therefore generally used for lamps which are to serve 
as standards or sub-standards of candle-power (see p. 136). The 
second system is generally adopted for the ordinary commercial 
measurement of light sources It will be noticed that the average 
candle-power m all directions is, by the defining equation given 
above, the same as the total luminous flux emitted by the source 
divided by 4??, since cy = 47r for the total sohd angle at a point. 
This quantity is known as the “ mean spherical intensity ” (or, when 
expressed in mtemational candles, as the mean spherical candle- 
power — ^m.s.c p.), and is thus defined — 

“ The mean spherioaIj intensity of a source is the average val/ae 
of the intensity of that source in all directions in spa^e'^ 

In certam cases (e g , street hghting or hghtmg by mdirect umts) 
the candle-power of a source in the lower or m the upper hemisphere 
IS of more importance than the m.s c p. (^®). The following quantities 
have, therefore, been defined — 

The mean upper hemispherical intensity of a source is the 
average value of the intensity of that source in all directions above the 
horizontal plane passing through its centre 

“ The mean lower hemispherical intensity of a source is the 
average value of the intensity of that source in all directions 'below the 
horizontal plane passing through its centre ” 

A system of candle-power specification which has been much 
used with vacuum electric lamps and upnght gas mantles is that of 
the mean horizontal candle-power ” (m h.c p ), which is thus 
defined * — 
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The mean hobizontajd esttensity of a source is the average 
value of the intensity of that source in all directions m the horizontal 
plane passing through its centre ’’ 

This systenij however, is now being rapidly superseded by the 
mean sphencal candle-power system. Methods of measuring mean 
spherical candle-power and mean horizontal candle-power wiU be 
descnbed m Chapter VII. The ratio (m s c p.)/(i^ h c p ) for a source 
is often termed its sphencal reduction factor ’’ or, more briefly, its 
“ reduction factor (see p. 107) (i^). 

The Polar Diagram. — ^In addition to a knowledge of the mean 
sphencal candle-power of a source it is often desirable, for purposes 
of iHummation calculation, to know the value of the candle-power 
in any given direction This information can only be obtained, 
theoretically, by means of an infinite number of candle-power 
measurements, but for practical purposes it is generally found that 
the sources ordinarily in use are sufficiently symmetrical about their 
axes for measurements in a single plane to give the information to 
as great an accuracy as is desired. The results of such measurements 
are most conveniently represented by means of a polar diagram in 
which the source is considered to be at the origin, and the length of 
the radius vector in any direction represents the candle-power in 
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Fig 40 — K Polar Diagi*am of Candle-power 


that direction. Such a curve is sho-wn in Fig 40. The ordinary 
convention is that the vertically downward direction is the zero line, 
and angles are reckoned upwards, positive on one side and negative 
on the other, to 180° at the zenith (^®). Sometimes, in order to give 
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a better representation of the average distribution about the source, 
the radius vector at any angle is drawn to represent the average 
value of the candle-power in all directions along the surface of a 
cone having its axis coincident with the axis of the source, and its 
semi-vertical angle equal to the angle of the radius vector on the 
diagram. 

The Iso-Candle Diagram. — ^When the source is not sufficiently 
symmetncal to allow of the use of a polar diagram, recourse must 
be had to an “ iso-candle diagram (i®). Li constructing this 
diagram the source is considered to be surrounded with an imagmary 
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Fig 41a — ^An Iso-Candle Diagram on the Oyhndncal Projection. 


sphere whose radius is such that at every point on the surface of the 
sphere the source may be regarded as a point source. Contour curves 
are then drawn on this sphere through the points from which the 
source appears to have the same candle-power. These are curves 
of equal candle-power, or “ iso-candle ” curves. The spherical 
diagram thus obtamed is reproduced on a flat surface by any of the 
methods of projection used m map making It is, however, desirable 
that some type of equal-area projection should be used, so that two 
diagrams may give by inspection an approximate idea of the relative 
values of the luminous flux emitted by the sources to which they 
refer If distortion of the curves be not regarded as any disadvantage 
a simple cylindrical equal-area projection may be used, but if it be 
desired to reduce the distortion as much as possible, the sinusoidal 
equal-area projection is best (^^). Pigs 41a and 41b show the iso- 
candle di«gr».Tna on these two projections for a source with four 
opaque bars reducing the candle-power at positions 90 apart in 
the lower hemisphere Only one-half of the complete diagram is 
shown in each figure. 

The methods used for maldng the candle-power measurements 
necessary for the preparation of a polar distri buti on diagram or an 
iso-candle diagram will be described m Chapter VII. In the following 
section a description will be given of two methods which are used 
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Pig. 42 — The Rousseau Diagram. 
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for the oaJculation of the mean spherioal oaudle-power of a source 
from a knowledge of its polar distribution curve. 

The Rousseau Diagram. — ^It might at first be thought that the 
mean spherical candle-power of a source could be obtamed by finding 
the area of the polar diagram, or the volume of its sohd of revolution 
about the 0° — 180° axis, but a moment’s consideration will show that 
this is not the case (^®) Por let curve ABO of Pig. 42 represent the 
polar curve of a source supposed symmetrical about the axis OP. 
Since the radius vector is everywhere proportional to the candle- 


power, the area of the curve is proportional to while the 

volume of the sohd of revolution is proportional to 1 Xl^&mdddd^ 

The mean spherical candle-power, however, is (l/47T)j^ | Ie^6ddd<f), 
If"" 

le , -A le smfi dd, smce is here independent of <f). 


/? 



Fig 43 — The Kennelly Confltruotion 


The value of this expression may be obtamed graphically from the 
polar curve by means of a simple construction due to Rousseau (^®), 
and known as the Rousseau diagram. It is shown in Pig. 42 The 
left-hand part of the diagram is a polar curve. At the ends of the 
radii vectores OA , OB, 00, OX, . . horizontal hnes are drawn to cut a 
vertical axis at a, b, c, x . Along these hnes lengths m', bV, cc', 
xy . . are cut off eq^ual to OA, OB, 00, OX . . and the ends 
c', y . . . ]omed by a smo^h curve Now if the angle XOP 
be 6,^ = r (1— cos 6), so that d'^ = r soiBdd Purther, so 

that the area of the curve pp'a'b'c'yqp is equal to sinfi dd, 

and, therefore, on the scale connecting OP with I, the area of the 
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Rousseau diagram represents twice the mean spherical candle-power 
of the source. 

Co-ordmate paper can be obtamed (^°) with one set of divisions 
proportional to sin so that the right-hand part of Fig 42 can be 
drawn directly from the observed values of candle-power The 
area of the Rousseau diagram may be found by means of a plam- # 

meter, or by the summation of equidistant ordinates, or by a 
graphical construction due to A E. KenneUy (^^). 

This construction will be clear from Fig. 43. The quadrant is 5' 

divided into (n -f J) equal zones, say four of 20° and one of 10°. 



Fia 44 — ^The Russell Angles. 


AB is a 20° arc about 0 as centre, and of radius BP is marked 
off on BO produced, so that PB = /^q. BG is a 20° arc with P as 
centre GQ is marked off on GP produced, so that QG = /gn, and 
CD is a 20° arc with Q as centre. A similar construction is followed 
above the horizontal, and the vertical distance between the outer 
ends of the extreme 20° arcs is equal to twice the mean spherical 
candle-power on the scale chosen for etc. It is easy to 

see that the element of vertical distance added by each complete 
step in the construction is /^jcos {6 — i S0) — cos {d -f 
where 80 is the angular interval between the steps (20° in the figure). 
Hence the total height is S2/g sin0 smJS0, which, when 80 is 

small, becomes 'tie sin0 . 80, or, m the limit, j/g sin0 dd = 2/^. 

This method avoids the necessity for the calculation or measurement 
of an area (^2). 


t 
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Instead of drawing the Eousseau diagram and caloulating the 
area by the addition of equidistant ordinates, it is clearly more simple 
to make the candle-power measurements at the angles which corre- 
spond to equidistant ordinates on the diagram, so that the mean 
spherical candle-power can be found at once from the average of 
the measured values of candle-power (^®). 

In Pig. 44 the same polar curve as that shown in Pig. 42 has been 
reproduced, but m this case the axis pq has been divided into a 
number of equal parts. Horizontal lines have been drawn through 
the mid-points of these parts to cut the circle of the polar diagram 
SitLyM, N . . . and the points Ly M, N . . . have been joined to 0, 
It follows that if the candle-power measurements be made in the 
directions OLy OMy ON . . the mean spherical candle-power may 
be obtained simply by takmg the anthmetic mean of the values thus 
obtained, for smce these would form equidistant ordinates on the 
Eousseau diagram, their mean gives the area of the curve to a 
close approximation Other sets of angles may be used to obtam 
an equally good approximation with fewer measurements (^) 

The values of the Eussell angles for 20, 10, 8 and 6 ordinates are 
given in the following table . — 

Table of Eussell Angles for Caloulation of 
Mean Sphebioal Candle-power * 


20 angles 

10 angles 

8 angles 

6 angles 

18-2 

25*8 

29 0 

33 6 

31 8 

46 6 

51 3 

60 0 

41 4 

60 0 

68 0 

80 4 

49-6 

72-6 

82 8 

99-6 

66 6 

84-3 

97 2 

120-0 

63 3 

95 7 

112 0 

146 4 

69 6 

107-6 

128 7 

— 

76 6 

120 0 

161 0 

— 

81-4 

134 4 

— 

— 

87-1 

154 2 

— 

— 

92 9 

— 

" — 

— 

98 6 

— 

— 

— 

104 6 

— 

— 

— 

110 6 

— 

— 

— 

116 7 

— 

— 

— 

123 4 

— 

— 

— 

130-6 

— 

— 

— 

138 6 

— 

— 

— 

148 2 

— 

— 

— 

161 8 

— 

— 

— 


* N B , — ^The angles here given are measured from a vertically 
downward zero, assuming measurements made in a vertical plane 
through a vertical axis of S 3 rmmetry of the source. The angles given 
in the paper above quoted, and in most hterature, are measured 
upwards and downwards from a horizontal zero. 
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The following example will serve to show the method of calcu- 
lating mean spherical candle-power [a) by means of a Rousseau 
diagram, and (6) by the use of Russell angles The polar curve is 
that illustrated in Figs. 42 and 44, the scale of candle-power bemg 
indicated along OP 


Bousseau Diagram 


Bussell Angles 


I 


Angle 

Oandle-Power 

Angle 

j Oandle-Power. 

0° 

6 8 

18 2° 

i 9-6 

10° 

7-8 

31-8° 

12-0 

20° 

10-6 

41-4° 

12 1 

30° 

11-9 

49-6° 

11-2 

40° 

12-1 

66-6° 

9-9 

60° 

11 0 

63-3° 

8-7 

60° 

9 2 

69-6° 

74 

70° 

7 3 

76-6° 

6-3 

80° 

6-8 

81-4° 

6-6 

90° 

• 4 7 

87-1° 

6-0 

100° 

37 

92 9° 

4-4 

110° 

2 6 

98 6° 

3-8 

120° 

1 1 

104 6° 

34 

130° 

04 

110 5° 

2-6 

140° 

0 1 

116 7° 

1-6 

160° 

00 

123-4° 

07 

160° 

0-0 

130 6° 

04 

170° 

0-0 

138 6° 

0-2 

— 

— 

148 2° 

0-0 

— 

— 

161 8° 

00 



Total of 20 readings 104-8 


(Area of Rousseau diagram) ^ pq = 6-25. 

. . Mean spherical candle-power == 5 25 
Mean reading at Russell angles, 6-24 candles. 


It will be clear from the description given above that the accuracy 
of the mean spherical candle-power determination by both these 
methods depends on (a) the accuracy of the candle-power measure- 
ments, (5) the degree to which the lamp is symmetrical about the 
axis, and (c) the absence of sudden vanations of candle-power in the 
regions between the angles at which measurements are made, 
i e , it depends on the “ smoothness ’’ of the polar curve. For 
most sources in common use the set of twenty Russell angles used 
in the above example gives a result which is correct within the limits 
of experimental error (^®). When the source cannot, to the accuracy 
required, be regarded as symmetnoal about its axis, measurements 
must be made m more than one plane. From theoretical reasoning 
it can he shown (^®) that for a source with two vertical planes of 
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symmetry a gas-filled electric lamp or a two- or four-mantle 
gas lamp) the measurement should be made m one half (0° to 180°) 
of each of the four vertical planes, which respectively make the 
following angles with either plane of symmetry 9°, 144°, 236°, 
and 279° For a source with three planes of symmetry (e , a three- 
source lighting unit) the corresponding angles are 9°, 160°, and 291°. 

Illumination. — In the foregoing paragraphs a description has 
been given of luminous flux and candle-power and their relationship 
with each other. When luminous flux reaches a surface, that surface 
IS said to be illuminated, and the illununation at any point of it is 
thus defined — 

The iLLUMmATiON at a point of a surface is the density of the 
luminous flux at that point, or the quotient of the flux hy the a/rea of the 
surface when the latter is uniformly illuminated ” 

Thus the illumination at any pomt of a surface is the luminous 
flux density at the pomt (^'^), or the quotient of the flux by the area 
if the illummation of the surface be uniform. Thus illummation is 
analogous to pressure at a pomt m that it is Lim «=© {Fjs), where s 
is the area (contammg the pomt m question) which receives the 
flux F. There are several units of illumination, accordmg to the 
umt of length adopted for the measurement of 5 If 5 be measured 
m square centimetres, the unit is called the phot, but this umt is 
of an mconvement magmtude, and the milliphot has been proposed 
for practical use It is, however, seldom employed The ordinary 
metric umt is the lux, or metre-candle, which is 1 lumen per square 
metre The umt on the British system is the foot-candle (®®), which 
IS 1 lumen per square foot, and therefore equal to 10*76 metre- 
candles. The defining equation is clearly E — dFjds, where, if F 
be measured in lumens, and s m square metres or square feet, E is 
measured m metre-candles (lux) or foot-candles respectively. 

It was pointed out m Chapter II. (p 19) that, as a consequence 
of the rectilmear propagation of radiation, the quantity of radiant 
energy received by any area which is normal to the direction of 
propagation vanes inversely as the square of the distance of this 
area from the source, it bemg understood that the area is so small 
m comparison with its distance from the source that it may be con- 
sidered as a part of the spherical wave surface emanating from the 
source, which is regarded, again, as a pomt source Since it has been 
agreed to regard the rate of propagation of hght energy as constant 
m photometric work, it follows that the rate of reception of radiant 
energy by a surface under the conditions above described, i e,, the 
luminous flux it receives (see p 84, supra), also varies inversely as 
the square of its distance from the source (^®) Now if the small 
area 5 be at a distance d from a source of which the candle-power 
m the direction of 5 is /, then the lummous flux incident on s is 
Fs = I X (sjd^), and the illummation E = Fsjs = I/d^, where d is 
measured m the same units as s (®®). This relationslup gives an 
alternative defimtion of the umt of illummation as “ that illumina- 
tion which IS produced at the surface of a sphere of unit radius, due 
to a uniform point source of one mternational candle placed at its 
centre ” 

In the above defimtion the lUummation of the surface of a sphere 
is considered, as this avoids the stipulations, necessary m^the case 
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of a plane suiface, that the area s shall be negligibly small compared 
with di and normal to the incident light ; for another consequence 
of the rectihnear propagation of radiant energy is that the rate of 
energy reception by a surface is proportional to the cosine of the 
angle between the normal to that surface and the direction of 
propagation of the incident waves (see p 19). Hence the above 
relationship may be widened to include any area s of which the 
normal makes an angle d with the direction of the moident hght by 
writing it ^ = I cos djd^ 

This equation is the symbohc expression of the two fundamental 
laws of photometry, mz , the inverse square law and the cosme law 
of illu mm ation which may be formally stated thus . — 

The illurmnation of an dementary surface due to a point source 
of light is proportional to the candle-power oj the source in the direction 
of that surface, and to the cosine of the angle letween this direction and 
the normcd to the surface, and it is inversely proportional to the square 
of the distance between the surface and the source 

When it is impossible to regard the surface as small in comparison 
with its distance from the source, the illumination will be different 
at different parts of the surface, and the average illumination may be 
found either by calculating the total flux mcident at the surface and 
dividing by the area, or, alternatively, by finding the fllummation 
at each point and averaging over the surface In the case of a 
symmetrical arrangement the latter course is often more convement, 
and as an example it will be useful to consider the simple case of a 
circular disc of radius a illuminated by a uniform point source of 
candle-power I placed at a distance d from the disc along the axis of 
the latter. Let L (Eig 46) be the source of hght, and P any point in 

the plane of the die distant r from the 


f | projection of L on the plane, then the 

^ illumination at P is / cos 6l{r^ + d^), 

I p and smee cos d = dl's/i^~^~ d^, this may 

be written / cos® 0 /d®. It diould be 
% d ^ remarked m passing that this result 

% shows that the illumination at any 

^ pomt of a plane due to a source at a 

^ distance d from the plane is propor- 

FiG.-iS— The“Oo8me-oubed”Law ibe cube of the cosme of 

the angle of mcidence 9 of the light 
when the source is uniform, and vanes as Ig cos ®0 when I varies 
with 0. This is sometimes referred to as the “ cosme-cubed ” 
law (®®). Eor the disc, when Ig is mdependent of 6, it follows that the 


average illumination is (l/7ra®)j*^(/ cos® 9ld^)27trdr, where r d tan 0 . 
This equals (2l/a2)J^ sm0 id or ( 27 /a 2 ){i _ 4 . ga}, ^ 


f compared with d, this expression reduces, as it should, 

to //£?*. The same expression may be obtained by the flux method, 
for assuming the disc to have its edge on a sphere of radius Va^ + 
with the source as centre, the flux reaching the disc is Allia^ + d^) 
where A is the area of the sphenoal sector limited by the disc. Smee 
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A = 27r\/a^ + d^{Va^ + — d}j the expression for the flux 

becomes 27rlll — d/Va^ + d^}, so that the average illumination 
of the disc becomes (2I/a^){l — djVd^ + d^} as before 

The Calculation of Illumination. — A very important problem in 
practical engineering is that of finding the illumination produced at 
different points on a given plane (e g , the surface of a street, the 
level of a table, etc,) by one or more hght sources of known candle- 
power situated at known positions with respect to the plane and to 
the points considered 

Prom what has been proved above it follows that the illumma- 
tion of a horizontal plane at P, due to a source L (see Pig 45) is 
Iq cos^ 0/A®, where h is the vertical height of the source above the 
plane and Iq its candle-power in the direction d If a number of 
sources contribute to the lUummation at P the total illumination la 
XI e cos8 ejh^. 

The Illumination Curve. — The formula just quoted makes it 
possible, from a knowledge of the polar curve of a source and its 
height h above a plane, to calculate the curve of variation of illumina- 
tion along any line situated in that plane and passmg through a 
pomt vertically below the source Such a curve is shown in 
Fig 46, where the heavy line is the curve of illumination along a 


Candiea 
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DLetoncc fpoiTL betmu Source 

Fig 46 — The niummation Curve for a Single Source 


line 5 metres below a source having the polar diagram shown m the 
top left-hand part of the figure If, now, there be, instead of one 
source, a number of similar sources spaced at 10-metre intervals 
over the line for which the illumination curve has been drawn, the 
curve giving the total illumination due to all the sources is obtained 
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by superposing a number of curves like that of Fig 46, the maxiiua 
being placed at distances apart corresponding to 10 metres This 
has been done m Fig 47, where the full line curve, obtamed by 
adding the ordmates of the simple (broken Ime) curves, shows the 
distribution of illumination due to the whole hne of sources Cleax'ly, 
if the sources be not all similar, a separate illumination curve must 
be drawn for each single source, and these individual curves, when 
superposed at the proper intervals, will then give the final illumina- 
tion curve It will be obvious that a similar method may be applied 
generally, i e , when the sources are arranged in any manner whatever 
with respect to the line considered, but the calculations involved 
wiU be very much more complicated than m the example given 
above 

The Iso-Lux Diagram. — ^The illumination curve of Fig 47 shows 



33 LstoTLce 

Fig 47 — The Bluiiiination Curve for a Line of Souroes 

only the distribution of lUummation along a single hne. If it bo 
desired to show the distribution over an area, this is most con- 
vemently done by means of a map giving lines of equal lUummation 
Trotter has described a simple method of constructing such a 
map (®®) The simplest case is that of two sources Strips of paper 
are marked off with a scale representing the illumination due to a 
smgle source at various horizontal distances from that source Such 
a scale corresponding to the curve of Fig 46 is shown above the curve 
in that figure Two such scales are pinned to a sheet at points 
representmg the positions of the two sources (see Fig 48), and marks 
are made at the points of mtersection of the scales, where the sum 
of the graduations has a given value For example, the 4 metre- 
candle contour is the hne joining the pomts where the scale marks 
0 5, 3-5 ,1,3, 1*5, 2 6 on the two scales respectively are coincident. 
The complete contour map is shown in Fig. 48 The larger the 
number of sources the more complicated become the necessary 
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calculations Examples of such maps for different arrangements of 
sources may be found m the hterature of illummation (®®). 

Brightness. — ^In the above section, dealing with illummation, it 
will have been noticed that the nature of the surface was not men- 
tioned This IS because the illummation of a surface does not 
depend at all on the nature of that surface. If a piece of white 
paper and a piece o 1 black cloth receive the same amount of lummous 
flux per umt area, they are equally illuminated, however different 
may be the appearance they present to the eye. This difference of 



appearance is entirely due to the fact that the surfaces behave 
differently as regards the proportion of the mcident hght which 
they are able to reflect to the eye The apparent brightness of a 
surface depends solely on the illumination of the retmal image, and 
this, for any given condition of the eye, depends solely on the angular 
density of the lummous flux which umt area of the surface emits 
in the direction of the eye (®'^) The distance from which the object 
is viewed is immaterial (®®), smce, although the flux entering the eye 
from umt area of the surface varies mversely as the square of this 
distance, so does the superficial area of the retmal image (see p. 24), 
and hence the illumination of this image is constant The brightness 
of a surface may, therefore, be defined thus — 

“ The brightness in a given direction of a surface emitting light is 
the quotient of the luminous intensity measured in that direction by the 
area of this surface projected on a plane perpendicular to the direction 
considered. The unit of brightness is the candle per unit area of surface ’ ’ 

2 
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Thus if 0 in Pig 49 represent a surface whose brightness in the 
direction OP is R, then the candle-power of the surface per unit 
projected area ib B, ^ e , the candle-power per unit of actual area m 
this direction is B cos d. In this it is assumed that the size of the 


surface is small compared 
with the distance at which 
the candle-power is measured 
The defimng equation for 
bnghtness is therefore B^ = 
{die Ids) sec 6, 

Thus it will be seen that, 
^ . while illumination is the 

^ Element of measure of the light received 
difftwmg surFocc by a surface, brightness is the 

piQ 49 — ^The Relation between Brightness measure of the hght emitted 

and Flux Enussion in any given direction 

This hght may be due either 
to self -luminosity, as in the case of a flame or other lummous source, 
or it may be due to reflection by a non-self -luminous surface of some 
of the light received by that surface from a self-luminous body The 
two units generally employed are the candle per square millimetre 
or the candle per square metre The first, which is a million tunes 
as large as the second, is generally used for self-luminous surfaces, 
the second for non-self-luminous surfaces, but this arrangement is 
purely a matter of convemence. As an example of the order of 
magmtude to be dealt with, it may be mentioned that the brightness 
of an acetylene flame is about 2 candles per sq mm , and that of 
the crater of an arc with pure carbon electrodes is about 160 to 170 
candles per sq. mm The bnghtness of a piece of white paper 
iUummated sufficiently for wnting purposes (30 to 60 metre-candles) 
is of the order of 10 to 16 candles per square metre On the Bntish 
system of umts the candle per square inch and the candle per square 
foot are used. 


Zone of angular 



So far only the brightness of a surface in a given direction has 
been dealt with, and m practice it is found that aU surfaces, to a 
greater or less extent, vary in bnghtness accordmg to the direction 
in which the measurements are made From the defimng equation 
it will be seen, however, that it / cos d, where I is the candle- 
power per umt area in the direction of the normal to the surface, 
then B = dljds, and is independent of d. Such an ideal surface is 
known as a “ perfectly difiusmg surface or, more shortly, a 
‘‘ perfect diffuser ” Although, as has been said above, no such 
surface is known m practice, a large number of surfaces exist for 
which the relationship holds approximately over a wide range of 
values of 6 Such surfaces are said to be “ matt,” or “ good diffusers,’’ 
and have many applications in photometry A perfectly diffusmg 
surface IS said to obey the cosine law of emission^ which was first 
enunciated by Lambert (*^), and may be thus stated — 

A perfectly diffusing surface is one for which the candle-power 
per unit area in any direction varies the cosine of the angle between 
that direction and the normal to the surface, so that it appears equally 
bright whatei er be the direction from which it is viewed 

The brightness of a perfect diffuser may very convemently be 


0 
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expressed in terms of the flux emitted by it per umt area, for 
(Pig 49) 

F = \ I cos 6dd 277 sin ^ = ir/j sin 2d d9 = ttI, 

Jo Jo 

SO that the flux emitted per unit area by a perfect diffuser whose 
brightness is I candles per unit area is ttI lumens. The brightness 
on this system may be defined as the total luminous flux emitted 
by the surface per umt area ” and measured in lumens per square 
metre or per square foot The defimng equation is thus Bf == dF/ds. 
When F is measured m lumens and s in square centimetres, the umt 
of Bjp IS called m America the lambert This umt is, however, of 
an mconvement size, and its thousandth part, the millilambert, is 
generally employed on this system From the defimng equations of 
the two systems it follows that Bf = 'ttB, so that a perfectly diffusmg 
surface which has a brightness of 1 candle per square metre has a 
brightness of tt lumens per square metre, ie , tt X 10-^ lamberts or 
tt/IO milhlamberts Bnghtness expressed in milhlamberts may 
thus be expressed in candles per square metre by multiplying by IO/tt 
A lthough a bnghtness of 1 lambert implies an emission of 1 lumen 
per umt area o^y in the case of a perfect diffuser, it is clear that the 
bnghtness of any stirface in any direction can be expressed in the 
same umts by simply expressing it in terms of the bnghtness of a 
perfectly difesing surface having a bnghtness in aU directions 
equal to 1 lambert ‘‘ To say that the brightness of a surface as 
viewed from a given pomt is n lamberts signifies that its bnghtness 
IS the same as that of a perfectly diffusmg surface emitting or reflect- 
ing n lumens per square centimetre ” 

A similar umt on the British system is the foot-lambert, which 
may be defined (^) as “ the average bnghtness of any surface 
emitting or reflecting 1 lumen per square foot, or the uniform bright- 
ness of a perfectly diffusmg surface emitting or reflecting 1 lumen 
per square foot ” 

It IS regrettable that the two methods of expressing brightness 
should have come into use, for, while the flux system has the 
advantage that for a surface which may, for practical purposes, be 
regarded as a perfect diffuser, the brightness in foot-lamberts is 
numerically equal to the illumination in foot-candles multiphed by 
the reflection factor of the surface (see p 110), there can be no doubt 
that much confusion is caused owing to the somewhat artificial 
conception needed on the flux system, and to the fact that it tends 
to obscure the essentially similar nature of brightness and luminous 
intensity These two quantities differ only m that one is the area 
density of the other, and it seems only logical that if one be measured 
in candles, the other should be expressed in candles per umt area 
No name has been adopted for the umt of bnghtness on this system, 
and a name seems unnecessary except for the sake of brevity 
In this book, therefore, bnghtness ^1 always be expressed either 
m the umts descnbed in the first definition, mz , candles per square 
metre or per square millimetre, or, where the Bntish system is being 
employed, in candles per square foot or per square inch 

It has been said already that no surface obeys the cosine law of 
emission perfectly Nevertheless, many of the surfaces dealt with 
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Fig 60 — The Radiation of Flux 
from one Surface to Another 


in photometry obey this law to a sufficiently close approximation 
for the purposes of calculation in certam classes of problems The 
closest approximation is that given by a ‘‘ black-body ” cavity, the 
opening of which behaves very accurately as a surface radiating 
according to the cosme law, so that, at a distance which is large 
compared with the size of the opening, the luminous mtensity may 

be taken as proportional to the cosme 
of the angle between the hne of 
measurement and the axis of the sur- 
face. If P (Fig 60) be an element of 
such a surface, whose area is a and 
whose normal bnghtness is B candles 
per unit area, then the flux emitted per 
umt sohd angle in any direction PQ is 
Ba COS0, where 9 is the angle which 
PQ makes with the normal to P The 
flux mcident on an element of surface 
of area b situated at Q, and having its normal at an angle ^ with 
PQ, IS therefore (6 cos (/)/d^) Ba cos 9, where PQ = d 

The symmetncal form of this expression, Bab cos 5 cos0/cZ^, 
shows that the flux reaching Q from P is equal to that which P 
would receive from Q if the latter had a normal bnghtness of B 
candles per unit area. 

When one of the surfaces is not neghgibly small compared with 
the distance d, each element may be taken as radiating according to 
the cosine law, and the aggregate 
result may be obtained by inte- 
gratmg the above expression over 
the surface , thus in the case of 
a radiating circular disc (^®) of 
radius r the flux received by a 
parallel and coaxial element of 
area b is 7TbBr^l{d^ r^), where B 
is the normal candle-power per 
unit area of the disc and d the 
distance from it at which the 
elementary area is situated. For 
(Fig 61) if P be an element of the 
disc at a distance x from the axis and of area a, the flux reaching 
Q from P is 

Bab cos^ = Babd^j{d^ + 



Fia 61 — ^The Radiation from a Biso 


The flux reaching Q from an annulus of radius x and breadth dx 
IS therefore Bbd^ 2TTxdxl{d^ + Thus the total flux reachmg 

b from the disc is 27rBbd^^ x{d^ + x^Y’^dx = TrBbr^Kd^ + r^) It 

will be seen that this differs from the result which would be 
obtamed accordmg to the simple mverse square, v^z , Trr^Bbld^, by 
the factor d^l{d^ -f r^) It follows that the true candle-power, as 
measured when d = oo, may be deduced from the candle-power 
measured at a finite distance by multiplying by the factor [d^ + 

The values of this factor for different values of rjd are given m 
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Fig 52 — The effect of Size of Source on the Inverse Square Rule 


curve A of Pig 62 When the receiving element is not on the axis 
of the radiatmg disc, but is at a distance p from this axis, the 
expression for the flux received becomes -J- 7r65[l — c/\/c2 + r^], 
where c = This may be written 

J 7r&jB{ 1 — cosec 0 + (r/p) cot S}, 
where sec 0 = + p^ + r^)l2pr. 

When the receiving element is perpendicular to the plane of the 
disc instead of parallel to it, the flux received can be shown to be 
\TrbB{dl}i)[ \ + cosec 6] Of this amount the contribution from the 
half of the disc shown unshaded in Pig 53 is 

(56d/p){cosec 0tan“V(sec 6 — l)/(sec 0+1) 

+ {plVd^ + p^) tan"^ {r/Vd^ + p^) — +4} 

When p = 0 this gives the radiation from a semicircular disc 
to an element situated on the axis, but perpendicular to the plane 
of the disc, viz , 

Bb{t&B-^rld) - rdj{r^ + cZ®)}. 

This result may readily be obtained by direct mtegration 
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Erom the above results it is quite easy to deduce that the total 
flux which reaches any disc from another parallel disc radiating 

according to the cosine law (^®) is 

— — 4:r^r^] 

Since the total flux from the radiating disc 
IS it follows that the fraction of 

the whole flux which reaches the second 
disc is 

(l/2ri2){(ri2 + + d^) 

It is easy to show that when two discs are 
so placed that their edges form small 
circles of the same sphere, the flux received 
by either disc from the other is indepen- 
dent of the relative positions of the two 
discs on the sphere, so that it can he at once found from the 
formula ]ust given It may also be shown that the amount reflected 
back to the radiating disc is 

j^(ri2 -f- rj* -j- (f2) — V -\- d^'f— 

- dr^ tan-i , 

where is the radius of the radiating disc and that of the reflecting 
disc (^®) 

Another important case is that of a radiating cyhnder of radius a 
and length 2Z The radiation from such a cyhnder to an elementary 


■2r- 


PiG 63 — ^The Radiation frou 
a Diao to a Perpendioula 
Surface 


I 

I ^ 



Pig 64 — ^The Radiation from a Oylmder 


surface P at a distance d from the axis of the cylinder, and situated 
on and perpendicular to a line passing through the centre of the 
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cylinder and perpendicular to its axis, has been given by Hyde 
as (Pig 54) 

2Ra|| {d cos a — a)[d — a cos a)(a^ + — 2ad cos a + y^)-HaLdy 

where the limits of y are ± Z, and those of a are ± cos-^(a/^) This 
reduces to 


2B 

d 


[“ 


cos- 


^a_a2 + Z2 + ^ 


?+ 1 


cot-^' 


- — 2 cot- 





Pia 66 — ^Radiation from 
a Straight Flat Strip, 
or from a Rod of Flame. 


Vq ^ " """ 

where 59 = {d + a)j{d — a) andg'^ {(cZ + + Z^}/{(cZ — a)^ + Z^). 

When, as is commonly the case m practice, a is small compared 
with d, the cyhnder may be regarded as equal to an elementary 
strip of breadth 2a and length 2 Z The 
radiation from such a strip to P is clearly 
(Pig 55), putting tan“^ yjd =_ 6 

rl nta.i\-Hld 

4aRj [cos^dl{d^-\-y^)}dy={4:aBld)j oos^ddO 

= {2aBld) {tan-i (l/d) + ldl(l^ + d^)}, ^ 

which IS also the limiting value of Hyde’s | 
expression when a becomes a smaE quantity 
so that squares and higher powers of a may 
be neglected 

If I also be small compared with d , this 
becomes, as it should, 4^lBld^ It follows 

that if I be not small compared with d the result given by the mverse 
square rule is too large, being divided by the factor 

(d/ 2 Z){tan“i (lid) + Idlil^ + d^)} 

The magnitude of this error for different values of Ijd is shown m 
curve B of Pig 62, p 103 

The above examples will serve to show the general principles 

upon which may be based calculations of the illumination at a 

^ given pomt due to the 

N ^ flux from an extended 

\ source, and the 

methods by which 
those calculations 
may be carried 
out(®^) Other results 
which are of some im- 
portance m photo - 
" ' . ^ metry are ( 1 ) the illu- 

ruination due to a 
J plane rectangiflar 

P. i__ -j source at a pomt situ- 

— V ated on the hue per- 

pendicular to the 

o source and passing 

66. — ^Radiation from a Rectangular Area to a 

Pomt opposite One Comer it , (u ) the lllumina- 
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tion due to a flat or a cylindrical flame each part of which is per- 
fectly transparent to the radiation emitted from the other parts (®®). 

The former of these problems arises in flnding the illumination 
at a pomt in a room due to a rectangular window through which is 
visible a sky of uniform brightness. The solution is (Pig 66) 

— «■' COS yS}, and Ey= ^{a' sm ^ sin a}, 

where B is the normal brightness of the rectangle, d = PG, and 
ox Ey represent respectively the flux received per umt area on 
an elementary horizontal or vertical surface placed at P It is clear 
that the general case, when the position of P is not restncted, may be 

treated as shown in Pig 67 'VS^en 
s finding the illumination at P, the 
rectangle A BOD is divided into 
the four rectangles P-4, PP, PC 
and PD In the case of Q, 
rect ABOD = rect QB + rect QD 
— rect QA — rect. QG 

It is to be noticed that in find- 
ing Ej{ at P the rectangles PD and 
PC have to be neglected, smce they 
contribute nothing to the illumi- 
nation of the upper side of a hori- 
^ zontal surface at P 
j The problem of the radiation 
I from a flame is of importance in 
q the photometry of flame sources 

Pia 67 -Radiation from a Reotan- electro-lmnmescent soirees, 

gular Area to any Pomt such as the mercury vapouT lamp 

or the Moore tube, where the 
condition as to transparency of the radiating body is approximately 
met The latter case is of considerable practical importance in 
photometry (®®), and has been investigated by several workers, some 
of whom, however, have regarded this form of source as radiatmg 
according to the cosme law 

It IS clear that the lUummation of P (Pig. 66) due to the flux 
from a rod of flame, each part of which is perfectly transparent, is 

equal to Iy^Ad[d^ + y^Y^^^dy^ where A is the cross-section of the 

rod, and 7^ the candle-power per unit volume of the flame (necessarily 
the same in all directions) The mtegral equals l-oAlfd aJ(P -f 

Similarly it can be shown (®®) that the illumination due to a disc 
of radiusr and elementary thickness t is 2'TrIJ,[l — d/Vd^ + r^}, while 
that due to a rectangular flame of the dimensions shown in Pig 66 
is Iji tan~i (sm a' tan j8). 

The solution for the cyhndrical flame of radius r and semi- 
height h IS less simple, leading to a form containing elhptic integrals. 
The final result for the illummation due to the whole flame (height 2h) 
is (d bemg measured to the axis of the cylinder) 

+ {»• + + ni(n, h) .{d — r)j{d + f)}, 
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where F-^ is the complete eUiptio mtegral of the first kind and 
fta = -|- (r 

ni(w, h) IS equal to the expression 


F i(A) + 


V 1 — sin^ 6 

k'^ sin d cos 6 


S + F#) F(k\d)--E,{k),F{k\e) 


- F^{k)E{k\ 9) 

where k'^ = I - k^ = {h^ + {d - r)^}l{h^ + {d + r)^} 
and sin 0 = (d — r)/(i + r) 

For the special case r = h = d/10 the illumination is about 
3 per cent greater than that found by assuming the hght concentrated 
at the centre of the base of the flame (®®) 

In all ordinary cases the flat flame is not sufficiently large to 
necessitate any correction on account of departure from the mverse 
square law In the case of a cylindrical flame the problem is only 
of practical importance when flame standards such as the Harcourt 
pentane lamp (see p. 127) are used In this case the flame is 20 mm. 
in diameter and 47 mm high, and the candle-power certified for the 
lamp IS that calculated from the illumination measured at a surface 
exactly 1 metre from the central axis of the flame (®o). If any other 
distance is used, a correction should, theoretically, be apphed In 
practice, however, this correction may be neglected at all distances 
exceeding 600 mm. 

The analogous case of the “ squirrel cage ” filament lamp, m 
which the filament consists of a number of vertical hmbs disposed 
on the surface of an imagmary cyhnder, has been discussed by 
U Tanaka (®^), who finds that the first order correction on the dis- 
tance IS reduced to zero if the semi-height of the filaments and the 
radius of the cyhnder are related by the equation A = 0 SOgr 

Reduction Factor. — ^It will be seen from the above results that the 
total flux emitted by a disc radiating on one side with a normal 
bnghtness of B candles per umt area is ttBs. Its mean spherical 
candle-power is therefore J Bs Its normal candle-power is Bs, so 
that the factor connectmg the two is J This may be termed the 
“ normal ” reduction factor for a disc. 

Similarly, the total flux emitted by a straight filament of length I 
and radius r having a normal brightness of B candles per umt area 
IS ttB.^tttI, so that the mean spherical candle-power is \ ttBtI The 
candle-power in any direction perpendicular to the filament is 
2Brl, so that the factor in this case is Tr/4. This may be termed the 
mean horizontal reduction factor, since it is the factor connectmg 
the mean horizontal candle-power of a vertical filament with the 
mean spherical candle-power (®2) An electric lamp with squirrel- 
cage filament and an upright incandescent gas mantle may be 
regarded approximately as cyhnders, and therefore these sources 
have a spherical reduction factor (see p 88) equal to 7r/4 or 
0 786. 

It IS also of interest to draw the polar curve (p 88) of an 



108 


PHOTOMETRY 


elementary radiating disc and cylmder. In the case of the disc the 
axis of symmetry is the axis of the disc, and the can , 

any anglJfil xs proportional to cos 6, so that the polar curve is simgy 
a 4cl6 touching the disc and having its diameter to represent the 

candle-power m the normal dn-ection («) (lig 58) In the case o 

^ an elementary cyhnder the axis 


"Ralar Curtjc of 
CyLuuW 



of symnietry is the axis of the 
cyhnder, so that the polar curve 
becomes two touching circles, of 
which the filament forms the 
common tangent, each circle hav- 
mg its diameter to represent the 
candle-power of the filament in 
the normal direction The two 
polar curves of Fig. 58 represent 
respectively a disc and a cyhnder 
giving the same total flux, for in 
the first case the normal candle- 
power In = F/tt, and in the 
second case IttI/ — F/47r, so 
that In = F/tt^ This diagram 
illustrates very forcibly the diffi- 
culty of judging total flux from 
a polar curve (see p 91) 

Photometry of a Screened 
Source. — ^When a diaphragm is 
placed in front of a uniformly bnght diffusing source, the illumination 
at any pomt m front of the diaphragm may be found by regarding the 
opemng m the diaphragm as a plane diffusing source of brightness 
equal to that of the surface behind it, whatever the shape of this 
latter surface may be, for it is clear that to an eye placed anywhere 
m front of the diaphragm the opemng appears to have a uniform 
brightness equal to that of the source It follows that if the finite 
size of the opening be neglected the illumination vanes inversely as 
the square of the distance from the diaphragm This is a princijile 
often used in photometry. It can naturally be apphed only as long 
as the diaphragm aperture is completely filled by the source when 
the combmation is viewed from the point where the illumination is 
bemg considered In the case of a vertical diffusmg strip masked 
by a diaphragm with a long horizontal opemng, the position of the 
“ effective light-centre ” is not defimte It may generally be taken 
as approximately half way between the strip and the diaphragm (®^), 
for if iS be the distance from the photometer to the diaphragm, and d 
the separation from diaphragm to source, the distance of the effective 


Polar Curt^e 
of Dtac 


68 — Polar Curves for a Disc and a 
Cylinder 


light source from the photometer is clearly Vl(l + «Z) = ^ 

approximately so long as ti! is small compared with I, 

A similar principle may be used m finding the lig ht distribution 
from an opaque diffuse reflector placed over a hght source If the 
total flux mtereepted from the source by the reflector be <I) and the 
reflection factor p, it follows that the reflector, if its edge be plane 
and internal reflections negligible, has a lummous intensity in the 
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direction 6 equal to (pO/tt) cos d, where 9 is measured from the normal 
to the plane containing the edge of the reflector The method may 
clearly be extended (®®). 

Brightness of an Image formed hy a Lens or Mirror. — ^When a 
lens or mirror is used to form an image of a source or other bright 
object on a diffusing surface, the illumination of this image is 
proportional to the brightness of the source, R, and to the aperture 
of the lens or mirror It is independent of the area s of the source, 
for the flux reaching a lens of area a from the source is Bsaju^, if s 
and a be both small compared with the distance of the source from 
the lens The flux transmitted to the image is therefore rBsaJu^y 
where r is the transmission factor (see p 1 16) of the lens Smce the 
area of the image is v^s/u^ (see p 24 , 5 is assumed to be the projected 
area of the source as viewed from the lens), its illumination is rBajv^, 
This prmciple is used m some forms of photometer m which a variable 
diaphragm is placed over a lens so that the value of a can be changed 
at will (see p 183). 

Brightness of a Projector System: The Maxwellian View. — 

Another principle which is sometimes useful m photometry is that, 
if a lens or mirror be caused to form a real image of a surface at the 
pupil of the eye, the whole surface of the lens or mirror appears to 
have a uniform brightness equal to that of the ongmal object 
surface R, multiplied by the transmission or reflection factor of the 
system and by a factor dependmg on the relative distances of the 
object and the eye from the lens or mirror The case of a biconvex 
lens may be considered by reference to Fig 59 Let S be an element 
of the surface and L the lens forming an image of /S at P Let P 
and R be respectively the pupil and retma of the eye. The eye is 
focussed on L so that an image of the surface of R is formed on R. 
If both S and L be small compared with the distance between them, 
the flux reaching an element (area a) of the lens at Q is sB aju^ 
Hence the flux reaching P from 8 through Q is rsaBju^ Now if L 
were replaced by a diffusmg surface of brightness R', the flux reaching 
P from Q would be paB'jv^, where p is the area of P (the pupillary 
aperture). Hence the apparent bnghtness of Q is rsBv^jpu^ It is 
here assumed that the size of the image of S, is smaller than P, 



Fig 69 — The Principle of the Maxwellian View 


otherwise the ins acts as a stop, hmitmg the apparent bnghtness of 
L to the value tR. 

This prmciple is made use of in some photometric instruments 
designed to measure sources of hght of low candle-power, or those 
which are situated at a considerable distance, a lens being arranged 
to form an image of the source at the pupil of the eye. The arrange- 
ment IB sometimes termed the “ Maxwellian view,” it having been 
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adopted by Clerk Maxwell in his colour-mixing apparatus (®'^) By 
its use an extended field of view may be obtamed, with a brightness 
very much greater than that of the ordinary photometric comparison 
surface used m most mstruments (®®) In spectrophotometry or 
colorimetry the Maxwellian view is used to obtam an extended field 
of uniform colour 

Referrmg agam to Eig 69, if /S' be a neighbourmg element oi the 
same surface as that of which S forms a part, the hght reaching It 
from 8' through Q is shown by the broken Imes It will be seen that 
the rays by which Q is viewed at B pass through different parts of 
P unless 8 be very small In this latter case the hght from each part 
of L only passes through a very small area of P In consequence, 
when the Maxwelhan view is used with a source which subtends a 
very small angle at the lens, the field of view is marred by the 
imperfections m P, such as variations in transmission which cause 
patchiness, and specks or other opaque bodies which give shadows 
moving apparently across the field of view (®®). 

There is a precaution to be observed in photometric mstruments 
in which the MaxweUian view is employed, particularly when the 
photometric balance is achieved by rotation of part of the optical 
tram If, as is generally the case, some shift of the image is hable 
to occur du ring the rotation, it is necessary to ensure that the eye- 
piece does not act as a stop of variable aperture This is achieved 
either by making the image so small that it is always completely 
withm the aperture, or, alternatively, by havmg the image more 
then large enough to cover the aperture completely with a patch 
of uniform illumination. Generally this can be arranged by usmg 
as the object a small diffusing surface of uniform brightness or a 
small uniform patch of an extended diffusmg surface. 

Reflection, Absorption and Transmission. — ^When radiation 
(mcluding hght as a special case) is incident upon the surface of a 
body, then some of it is, m general, regularly reflected, some is 
diffusely reflected, while the remamder passes on into the substance 
of the body Of this latter, some is absorbed, some is reflected back 
into the body at the surface of emergence, while the remainder 
emerges, some of it regularly, accordmg to the law of refraction, and 
the rest diffusely. 

It IS convement to divide surfaces into two classes * those which 
reflect regularly, and may therefore be termed “ polished,” and those 
which reflect difesely, and are called matt ” or “ unpohshed ” No 
surfaces behave m practice as either perfectly pohshed or perfectly 
matt, and most surfaces depart very markedly from the ideal m 
either direction It is, however, convement to consider the behaviour 
of these two classes of theoretical surfaces, and thence to deduce the 
general behaviour of surfaces met with in practice 

The reeleotion factor of a tody is the ratio of the flux reflected 
hy the body to the flux incident upon it. 

The flux reflected according to the laws of specular reflection is 
called specularly reflected flux, and the corresponding reflection factor 
is called the factor of specular reflection. The flux diffused, i e , that 
sent out in directions other than that of regular reflection, gives the 
diffuse reflection factor. The total reflection factor is obtained by 
considering the whole of the flux reflected by the body.^^ 
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The reflection factor of a body may differ very greatly, according 
to the frequency of the radiation ; in fact, the colour of a non-self- 
luminous surface depends entirely upon the power of that surface 
to reflect hght of certain frequencies more strongly than that of other 
frequencies A blue object, for example, has a higher reflection 
factor for frequencies in the neighbourhood of = 20,000 than for 
any other part of the visible spectrum. From this it will be seen at 
once that the colour of such a surface is dependent upon the colour 
of the hght it receives, for it is obvious that it cannot reflect hght of 
frequencies which are absent from the light which it receives (’°), 
so that a normally ‘‘ blue-green ’’ object, if illuminated by a light 
containing no frequencies above about 17,000 appears quite black, 


C^LLPue ~ HoPLicminl \ir\o nt midinnl-tJ f) fl 
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^Uoue Tiurrtber (Thousands per cm) 



^UoLue number (ThousancSs per cm) 

!Fia. 60 — The Befleotion of Light from a Coloured Surface. 


since its reflection factor for the lower frequencies is very small C^^). 
A white surface is one which has an equal reflection factor for all 
frequencies m the visible spectrum It therefore appears to be of 
exactly the same colour as the hght illuminating it (’®). 
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The foregoing statements are illustrated by Pig 60, in whicli 
curve R shows the energy distnbution m a certain kind of red hght, 
and curve jB is a curve of reflection factors for a blue surface The 
similar curve TP, for a white surface (not shown), would be a 
horizontal straight line through, say, the ordmate 0 8 In the lower 
diagram the energy distributions in the hght reflected from the two 
surfaces are exhibited by curves BR and WR, The ordinates of these 
two curves are obtamed by multiplying the ordmates of curve R by 
the corresponding ordinates of curves B and W respectively. 
Similarly, curve BW represents the spectral distribution of wh%te 
light reflected from the blue surface. 

It is to be noticed that a second reflection results m a further 
multiphcation of the ordmates of the spectral distribution curve 
This is fllustrated by Pig 61, where the curve jB^TP is obtained by 


0 05 I 
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Fig 61 — Double Befleotion from a Coloured Surface 

squaring tlie ordmates of curve B or BW m Fig 60. It will be seen 
that the colour of the reflected hght is accentuated by this second 
reflection, and it is clear that the colour would be further pronounced 
after a third or subsequent reflection This fact is of importance m 
connection with the choice of an inner coatmg for a photometric 
mtegrator (see Chapter VII , p 216) 

Regular Reflection —The reflection factor of a polished surface 
depends not only on the frequency, but also, m the case of polarised 
hght, on the angle between the plane of mcidence and the plane of 
polarisation Fresnel’s law ( ’») states that if and p g be respectively 
the reflection factors for hght polarised m and perpendicular to the 
plane of mcidence, then 

Pi = sm® {i — r)/Bm^ [% + r) 

and P 2 = tan^ {i — r)/tan2 {i + r}, 

where i and r are the angles of mcidence and refraction. For 
perpendicular mcidence it follows that = p^ = (n — 1)^1 hi 4- 1)2 
and for glancmg mcidence {i = 90°) p^ = pj = i. ' ‘ 
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With glass of refractive index 1-5 the values of and P 2 are given 
in the following table — 


% = 0° 

15° 

30° 

45° 

66 3° 

60° 

76° 

CD 

0 

0 

f>i = 0 040 

0 044 

0 068 

0-092 

0 148 

0-177 

0 399 

1 000 

P2 = 0 040 

0 036 

0 026 

0-008 

0 000 

0 002 

0 107 

1-000 

Ti = 0-960 

0 956 

0 942 

0-908 

0 862 

0 823 

0 601 

0 000 

Tj = 0 960 

0 964 

0 976 

0-992 

1 000 

0 998 

0 893 

0 000 

Light polansed 

m a plane making 

an angle <f> with the plane of 


incidence may be regarded as consistmg of two components, whose 
intensities are proportional to oos^ ^ and sm^ polarised respectively 
in and perpendicular to the plane of incidence, so that the reflection 
factor of the surface is m this case p = Pi cos^ + P2 ^ 
polansed hght may be regarded as made up of equal components 
polarised in two perpendicular directions, so that in this case 
P = i (Pi + P2) 

Prom this table it will be seen that at a certam angle, for which 
tan i = n (known as the polarising angle), the reflection factor is 
zero for hght polarised perpendicular to the plane of mcidence, so 
that ordinary hght reflected at this angle should be completely 
polansed in the plane of incidence C^®). This phenomenon was made 
use of m some early forms of polansation photometer (see p 4). 
In practice the polarisation is never complete, owing, probably, to 
the fact that the transition from one medium to another does not 
take place with absolute suddenness, but that there is an extremely 
thm transition layer C^®). 

While the above treatment is apphcable to transparent bodies 
for which n can be measured, for opaque reflectors, such as metals, 
there is no such theoretical basis The reflection factor varies with 
the state of polish of the surface, and it also depends on the frequency, 
direction of plane of polarisation, and angle of mcidence of the hght. 
In the case of silver it may be as high as 0-9 or more Some values 
of reflection factors are given m Appendix VII , p 476. 

It IS easy to show that if an element of surface of bnghtness B 
be viewed by means of a pohshed 
plane surface of reflection factor 
p, the hght appears to come from 
an element of surface of bright- 
ness Bp situated S3niimetricaUy 
with the real surface on the 
other side of the reflecting sur- 
face (Pig 62) This surface is 
known as the image of the 
original surface in the reflector, 
and if P be a part of the original 
surface, and P' its image, then 
Z PMN = Z NML = Z N^MP\ 
and so for any other direction 
of the reflected hght. Hence 
PP' IS bisected perpendicularly 
by MQ at Q, and so for any other pomt of the surface. The flux 
emitted from P m the direction PM appears to come from P' along 
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Fig 62 — Reflection in a Polished Surface 
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the path P'L, If the brightness of P in the direction PM be P, the 
flux reaching L would be the same as that from an equal element 
of surface at P', assuming perfect reflection. If the reflection factor 
IS p, however, the flux is reduced in this ratio, that is, it is now the 
same as that which would be received from a surface at P' of 
brightness pB, It is to be noted that this is also the apparent 
brightness of the reflectmg surface at M 

Diffuse Reflection. — perfectly matt surface has been defined 
(p. 100) as one which emits hght according to the cosine law. 
Similarly, a perfectly diffuse reflectmg surface may be defined as 
one which redistributes the light it receives in such a manner that, 
whatever be the directional distribution of the incident light, the 
hght reflected from each element of the surface m any given direction 
IS proportional to the cosme of the angle which that direction makes 
with the normal to the surface In other words, the perfectly diffuse 
reflector acts as if it absorbed all the incident radiation and then 
re-emitted a definite fraction of it in accordance with the cosine 
law of emission Such a surface, therefore, appears equally bright 
m aU directions (’'^) If lUummated to the extent of 1 metre-candle, 
it receives 1 lumen per square metre It therefore emits p lumens 
per square metre, and so has a brightness of p/tt candles per square 
metre, or p x 10'^ lamberts. It may be treated exactly as the 
perfectly diffuse radiator was dealt wuth previously (pp 100, 102, 
et seq ) 

Reflection by Matt Surfaces. — It has already been said that the 
simple cosme law of reflection or emission enunciated by Lambert is 
not accurately followed by any known surface In every case the 
emisMon is a ma xim um in the direction of specular reflection C^®), 
and in fact it is not easy to see any physical reason for supposing 
the law to be of the simple cosme form, unless it be assumed that 
the reflected or emitted light emanates equally in all directions from 
particles withm the substance of the reflecting or emitting body. 
In this case, if a' be the absorption factor of the material, the light 
emtted m the direction d from the particles at a distance x below 
the surface is proportional to if refraction be ignored 

(see p 116, infra) Hence the total hght emitted m this direction 



= (cos 6)/a' 


The expepnental evidence is, as has been said, against the cosine 
_law and vanous empmcal expressions have been proposed to fit the 
results obtamed by various workers, 

B — 0 . cos i cos Tj{p' cos % + cos r) 

where C and G' are constants (®®). 

Bouguer supposed («) that a matt surface was made up of 
imumerable elementary surfaces, each acting as a mirror m and 
Jw elaborated by E M Berry (s*), who assumes 

that the elementary surfaces are distnbuted in slo^ according to 
the Gaussian probability law, so that if hA be the total area of the 
sirfaces whose slopes lie between 6 and 5 + S0, then 84 = 

This leads to the foUowmg expression for the brightness at an angle 
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0' when the Kght is incident at an angle 9, 9' being taken in the plane 
of incidence, and Bo being the brightness when 0 = 0 • — 

B = Bo seo^ ^ {9 — 9') seed 

When this is compared with Lambert’s cosine law, for which 
B = Bo, very good agreement is found up to 9' = 80° for the case 
of normal incidence {9 = 0), puttmg a® = 3 For 9 = 9\ B = 
Bo sec^fl, and for 0 = ^ 9\ B = Bq sec^S ® 

These expressions, while showing marked departures from 
Lambert’s law, are of the kind generally found m practice with 
so-called matt surfaces 

In many problems of photometry it is desirable to have a surface 
which behaves as nearly as possible like a perfect diffuser Surfaces 
of magnesium carbonate, plaster of Pans, white blotting paper, sand- 
blasted celluloid, and many others have been used, as in most cases 
a surface having equal reflection factors for hghts of all frequencies 
{i e., a white surface) is required In general, departure from the 
cosine law is greatest (a) when the angle of incidence of the hght is 
over 45°, (6) when the angle of emission considered is large and, 
particularly, (c) in the neighbourhood of the direction of specular 
reflection 

These pomts are referred to further in Chapters XII. and XIII , 
where the use of diffusmg surfaces for measurmg illummation and the 
method of determining reflection and transmission factors of diffusing 
surfaces are described 

Absorption. — Of the light entering a body from an external 
medium, part is absorbed withm the substance of the body, and its 
energy is converted into other forms, e g , heat, chemical action, or 
some other process requiring the supply of energy If the body 
absorb all the hght entering it, it is said to be opaque , otherwise 
it IS termed transparent or translucent Clearly these terms can 
only be used in a very rough and ill-defined way The absorption 
factor of a body is defined as the ratio of the flux absorbed by the 
body to the flux incident upon it As in the case of reflection, this 
ratio depends on the frequency of the radiation entermg the body, 
some frequencies bemg more readily absorbed than others 

It will be noticed that the above definition of absorption factor 
concerns a particular body, and not a substance m general It is, 
therefore, dependent on the form of the body, and, in fact, depends 
entirely on the length of path travelled by the radiation withm the 
body. This, agam, depends on the thickness, and therefore for 
any given substance it is the absorption factor per umt thickness 
which must be employed 

In the case of homogeneous transparent substances, the hght 
passes through them undeviated, while in translucent bodies it 
suffers internal reflections, so that the length of its path may be 
many times the thickness of the body In the former case, if the 
absorption factor for a thickness of 1 cm be a, and the lummous 
flux entermg any given area of the body be P, then the mtensity 
absorbed m passing through 1 cm thickness is olF, and the amount 
entermg the second layer of 1 cm thickness is (1 — a)-P , the amount 
absorbed in this second layer is therefore a(l — a)jP, and that trans- 
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nutted IS (1 — oi)^F, and so on The amount transmitted through a 
layer of thickness t cm is therefore (1 — a)‘ J’, and that absorbed 
IS _ (1 _ a)^] n, instead of using the absorption factor per 
umt thickness, the absorption in a very thin layer be expressed as 
a multiple of the thickness of that layer, a' Si, the transmitted flux 
is ^’(l — a'Si)^/« = (®^), and the absorbed flux is therefore 

F(l - 

The quantity a in the above relationship is generally temied 
the absorption factor (or coefficient) of the substance Thin 
name, however, has sometimes been apphed misleadingly to the 
quantity 6-°-', which is written k, so that the above expression for 
the absorbed hght becomes JF(1 — ¥), and for the transmitted light 
F¥ k IS more properly termed the transmission factor (or coefficient) 
of the substance or sometimes its “transmissivity” (®®) For 
most glass of good quahty is m the neighbourhood of 0 9 when t 
is in centimetres (^®) 

For substances m homogeneous solution in a solvent it might be 
expected a priori that mcrease in concentration would be exactly 
equivalent to mcrease in thickness, % e , that the transmission factor 
would be proportional to k^, where t was the thickness, and c the 
concentration This relation, known as Beer’s law, is found, how- 
ever, to be only approximately true in many cases (®®) The constant 
k m the equation r = k^ may be called the specific transmission 
factor or specific transmissivity of the dissolved substance (^®), 
T bemg now the ratio of the transmission factor of a thickness t 
of the solution to the transmission factor of an equal thickness of the 
solvent alone 

In the cose of a translucent material, owing to the backward 
scattering of a certam portion of the hght traversing the medium, 
the simple exponential expression given above for transparent media 
does not hold It has been found empirically that, to a close apjiroxi- 
mation, log t = alfi, where a and b are constants of the material 
and t is the thickness of the plate (®^). 

A perfectly absorbmg body is one that absorbs all the radiation 
mcident upon it , it must, therefore, be not only perfectly opaque, 
but it must not reflect any of the incident radiation It follows that 
it must have the same mdex of refraction as the medium surrounding 
it, and, m fact, the only perfect absorber is a “ black-body ” cavity 
(see p^ 34) 

'^^en light reaches the second boundmg surface of a body, it 
suffers a certam degree of mtemal reflection on its passage out of 
the body , m fact, this is merely another case of reflection on passing 
from one medium to another It wiU be noticed, from the form of 
the expressions given above for the reflection factor, that p is the 
same on passage from medium I to medium II as for passage 
from medium II, to medium I. when the angle is the same in the same 
medium 

Transmission. — ^The definition of the transmission factor of a 
body or a substance is exactly analogous to the definition of absoi-p- 
tion factor, and the dependence of one of these quantities on the other 
has already appeared In general, the transmission factor is of more 
practical importance than the absorption Like the latter, it depends 
on the frequency of the incident radiation and it is this which 
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determines the colour of a substance as seen by transmitted hght. 
A blue glass has its highest transmission factor for frequencies m 
the blue part of the spectrum, while most of the red light is absorbed 
The function connectmg thickness and transmission of a transparent 
medium has already been found, but m any particular body the hght 
lost by reflection at the two surfaces must be added to the hght 
lost by absorption within the substance of the body, so that 
T = 1 — a — 2p, where p denotes the reflection factor for a single 
surface. Generally, however, part of the hght reflected at the second 
surface IS added to the hght absorbed, and the remamder to the 
hght reflected at the first surface, so that the relationship is written 
m its usual form, t=1— a — p, m which a denotes the proportion 
of the hght absorbed, and p the proportion returned from both 
surfaces m the direction opposite to that of the mcident hght 

The curves of Pig 60 may be used to illustrate the dependence 
of the colour of a substance seen by transmitted light on the variation 
of its transmission factor with frequency. If B refer agam to the 
incident hght, while B and W are respectively the transmission 
curves of blue and colourless transparent bodies, then the curves BR 
and WR of Pig 60 give the spectral distribution of the transmitted 
hght 

It IS to be noticed that this curve only holds for a certam thickness 
of the transparent matenal. Doubhng the thickness clearly results 
in a second multiphcation of the ordinates of the spectral distribution 


curve by the corresponding ordmates of the transmission curve (just 

as in the case of a double reflection) Curve B^V m Pig 61 shows 

the distnbution resultmg from the 

passage of white light through 

two thicknesses of a medium hav- 

ing the transmission curve B in 

Pig 60, and from this it will be \ ^ 

seen that the greater the thickness ^ \ /\ 

of the transmittmg substance, the \ / \ 

greater the accentuation of the \ 

hght in the region of maximum ^ ^ 

transmission This observation is PIQ 53 — TransmiBSion through a Plate 

of importance in the determmation 

of the transmission factors of the coloured media used m photometry 


(see Chapter VIII , p 242). 

The light transmitted by a smgle transparent plate of glass may 
be calculated fairly simply thus If the mcident light follow the 
direction LA, the incident flux is F Of this Fp is reflected, and 


F{1 — p) enters the glass along the path AB Of the part P(1 — p)k*, 
which reaches B, F {I — p)p¥ is reflected along BG, and F[\ — p^B 
emerges Of the part reaching C, viz , P(1 — p)pk^\ one part, 
— p)p{l — p)k^^, emerges, and F{1 — p)p^k^^ is reflected along 
CD to D, where F{1 — pfp^B^ emerges 

Hence the total hght emerging on the side BD is (®2) 


^(1 _ p)2{i< + + pl^B' + . } = i’(i - - p^k^‘) 


which, li p = 0 04 and k^=0 9, is equal to 0-83 (»») 

When hght traverses two or more plates m succession, the 
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expressions for the transmission factor become more complicated 
G G Stokes has given the formula 

- 6-") = W(a - a-^) = lliah^ 

where and are respectively the reflection and transmission 
factors for N parallel plates, and a, h are constants found from the 
equations 

Pil{b — b-^) = Ti/(a ~ a“^) = l/(a6 — a-^b-^) 

This formula apphes no matter what the angle of mcidence of the 
light or the absorption factor of the substance of the glass When 
there is no absorption, the above expressions become mdeterminate 
In this case, wntmg p' for (1 — n)^l(l + n)^ 

p^l2Np' = rW(l - /) = 1/{1 + m - 1)P'} n 
The light transmitted by a triangular prism of base-length t is 
clearly equal to (1/^) Mdt, % e , to (k^ — l)lt logpfe if i:eflection at the 

Jo 

surfaces be neglected In the case of a constant deviation prism 
(Pig 14) of which the length of the reflectmg side is W2, the trans- 
mission IS, similarly, found to be — l)/nt logoi where 7t = V 3/2 

Diffuse Transmission. — ^In the case of a translucent body, or of a 
transparent body one or both surfaces of which have been rendered 
matt, diffusion of the incident hght tal^es place to a greater or less 
extent (®'^) 

The transmitted light, as might be expected, is not distributed 
according to the cosine law of emission, the mtensity bemg always 
a maximum in the direction of the incident light if the substance 
be in the form of a plate (®®) The approximation to perfect diffusion 
increases with the density of the substance and the thickness of the 
plate, and the nearest approach to a perfectly diffuse transmitter 
IS a sheet of dense opal glass sand-blasted or etched on both sides 
Diffuse and colourless transmission is required for the wmdow of 
any form of photometric mtegrator (see Chapter VII ), but it is 
diflS.cult to obtam a material which combines a sufSciently high 
transmission factor with a satisfactory degree of diffusion 

Definition of ‘‘ Diffusing Power.” — The ‘‘ diffusing power ’’ of a 
substance, opaque or translucent, may be qualitatively defined as 
the degree to which the light it reflects or transmits is distributed 
acoordmg to the cosme law A satisfactory quantitative defimtion 
of diffusing power is, however, very difficult to arrive at, and it has 
generally been expressed by means of a polar curve showmg the 
candle-power of a given element of surface as viewed from all 
directions in a plane passmg through the normal to that element 
This curve, sometunes termed the mdicatrix (®®), becomes a circle 
touching the element in the case of a perfect diffuser For all other 
surfaces it is distorted in a manner depending on the nature of the 
surface and on the direction of the mcident light Various attempts 
have been made to define a “ figure of merit ” for expressmg the 
diffusing power of a substance (^o®) Probably the most convenient 
system is that of Halbertsma (^o^), in which, with hght incident 
normally on the surface, the candle-powers at different angles of 
view, 6, are plotted as abscissae, the correspondmg ordmates being 
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proportional to (1 — cos 0 ), as in Pig 64. Por a perfectly diffusing 
surface the resulting curve clearly becomes a straight line The 
area enclosed by the axes of co-ordinates and the representative 
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Pig. 64 — ^Diagram for the Definition of DifEuamg Power. 


curve for any surface may be termed the ‘‘ diffusmg power ” of the 
surface, the area for a perfectly diffusmg surface bemg taken as umty. 
Imperfect diffusion is sometimes referred to as spread ’’ reflection 
or transmission 

Atmospheric Diffusion. — ^The visibihty of distant objects m the 
open depends mainly on the diffusmg power of the mtervening 
atmosphere, and instruments have been designed for measuring this 
quantity on an arbitrary scale by finding the amount of additional 
diffusion necessary in order to cause a given object just to become 
mvisible This additional diffusion is obtamed by inserting a 
number of sheets of material of graded diffusing power between the 
observer’s eye and the selected object 
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CHAPTER V 

STANDARDS OF CANDLE-POWER 

It has already been said (p. 84) that the only practical photo 
metric standard is one of luminous intensity. The standards to be 
dealt with in this chapter molude two groups [a) primary standards 
by reference to which the candle-powers of all sources are expressed, 
and (b) secondary standards for practical use m everyday photometry 
as temporary custodians of the umt fixed by the primary standards. 

The conditions which a primary standard of light should fulfil 
are those required of any physical standard, viz , ease of reproduci- 
bility from specification, mamtenance of value over long periods, 
low correction factors for change of conditions, such as barometric 
pressure, temperature, etc In addition to these, a standard of 
lummous intensity should fulfil, as far as possible, the conditions that 
its candle-power should be of a convenient magmtude, and that the 
spectral distribution of its hght should approximate to that of the 
hght sources to be measured by comparison with it (i) This is 
important owing to the physiological aspect of photometry and the 
great difficulties mtroduced by a difference of colour between the 
hghts being compared (see Chapter VIII ). 

Many suggestions have been made at different times for the 
production of a satisfactory primary standard of luminous intensity 
(see Chapter I , pp. 4 et seq,) None of these fulfils all the conditions 
outlined above. Most are difficult to reproduce with sufficient 
accuracy, and are greatly affected by change of extenor conditions. 
None of those which most nearly meet the other requirements 
fulfils, even approximately, the condition as to spectral distnbution, 
the colour of the hght being in every case much redder than that 
of the sources of hght in common use to-day 

The standards which have actually been employed at various 
tunes are {a) the flame of a candle of specified dimensions burning 
at a given rate (the standard candle, from which the unit denves its 
name) ; (6) the flame of a lamp of specified construction burning a 
specified fuel at a given rate ; (c) a certain area of a specified radiating 
surface held at a specified temperature ; and [d) electric lamps 
mutually compared so as to preserve an arbitrarily agreed value 
of candle-power as the unit 

Flame Standards. — Of the standard candles adopted at different 
times nothing need now be said , they have been mentioned in 
Chapter I and are described in most books on photometry (^) 
Two of the flame standards, the pentane and the Hefner, possess 
considerable mterest, particularly as regards the defimtion of the 
present umt of luminous intensity They are, moreover, still in use for 
certain photometric purposes, and a brief description must, thereforoj 
be given of their construction and method of use (®) 

The pentane lamp, first devised by Vernon-Harcourt in 1877, 
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and subsequently modified in many particulars (see p. 5), is shown 
diagrammatically in Fig. 66 The saturator A holds the fuel, liquid 
pentane (O 5 H 12 ), a highly inflammable and very volatile hydro- 
carbon distilled from petroleum. This saturator is fiUed to about 
two-thirds of its capacity before the lamp is hghted. The level of 
the liquid (observed through the window in the side of the saturator) 
is never, allowed to fall bdow one-eighth of an inch when the lamp 
is in use. The saturator is connected, by means of a wide mdia- 



PiG 66 — The Vernon-Haroourt Pentane Lamp. 


rubber tube, with the burner B, which consists of a steatite ring 
pierced with thirty holes, and at which the issuing mixture of air 
and pentane vapour is ignited. The rate of flow of the mixed vapour, 
and therefore the height of the flame, can be adjusted by means of 
the stop-cocks and jSg saturator The chimney tube GC 

IS furnished near its base with a mica window, across which is placed 
a horizontal bar 38 mm. above the bottom of the chimney The 
chimney is set, by means of a cyhndrical wooden gauge G, so that 
its lower end is exactly 47 mm. above the steatite nng burner. 
Surrounding the chimney C(7 is a concentric tube D, up which a 
current of air is drawn by the heatmg of the chimney, and this heated 
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air passes into the hollow supporting pillar E, and so down through 
F to the centre of the steatite ring, where it is used in the com- 
bustion of the pentane. It is important that the chimney CG be 
brought centrally over the burner R, and three screws are provided 
at the base for the purpose of making this adjustment, jff is a 
conical shade for protectmg the flame from draught When in use 
the lamp is set up with the pillar E vertical, and the stop-cocks 
and are so adjusted that the tip of the flame just nses to a level 
halfway between the bottom of the mica window m GO and the 
crossbar (A shght vanation in the height of the flame, however, 
does not affect its candle-power appreciably (^) ) The mica window 
must be turned away from the photometer head, while H is turned 
so that the whole of the flame is visible from the photometer, except 
the portion at the top which is cut off by the lower part of the 
chimney The saturator A is at first placed upon its bracket as far 
from the central column as possible, and the lamp is left alight for 
at least a quarter of an hour before any photometnc measurements 
are made (®) If it is found, at the end of this period, that the flame 
has a tendency to faU in height, the saturator is moved slightly 
towards the central column In malung photometnc measurements 
aU distances are reckoned from the centre of the flame, %,e , the 
geometnc centre of the steatite nng, but since this is not the position 
of the “ equivalent hght centre ” of the flame (see p. 107), it is 
specified that the lamp shall be used at a fixed distance (1 metre) 
from the photometer surface If used at any other distance a 
correction should, theoretically, be apphed to the value of illumina- 
tion calculated on the mverse square law The effect, however, is 
neghgible in practice, except at very short distances The same 
consideration apphes also to the Hefner lamp (infra). 

When burnt under standard conditions of temperature, pressure 
and humidity, the pentane lamp is recogmsed m Great Bntain as 
havmg a luminous intensity of 10 mtemational candles (®) For a 
more accurate and detailed specification of the lamp and of the pre- 
paration of the pentane C^), the Notification of the Metropohtan Gas 
Referees for the year 1916 (published by H M Stationery Office) 
should be consulted 

The candle-power of the pentane lamp depends on the humidity 
and barometric pressure of the atmosphere m which it is burning. 
Several determmations have been made of the effect of these variables 
on the candle-power of the lamp (®) 

The British determmations, by Butterfield, Haldane and Trotter, 
and by Paterson and Duddmg, give the following formula for the 
candle-power * 

J = 10{l + 0 0063(8 - e) - 0-00085(760 - &)}, 

where I represents the candle-power of the lamp when bummg in 
an atmosphere at a pressure of b mm of mercury with a humidity 
of e htres of water vapour per cubic metre of the moist air The 
American determination by Rosa and Crittenden, however, gives 
values for the constants which are notably lower than those given 
above, viz., 0 0066, and 0 0006 The value for the humidity correc- 
tion found in 1017 by K Takatsu and M Tanaka (®) was O-OOeSg, 
and they suggest that the different value found in America may be 
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due to the use of a hood and ventdating duct, if the eflEect of this is 
not the same at all humidities (^°) On the other hand, it has been 
suggested that this difference m the constants may be accounted for 
on the assumption that the lamp really possesses a temperature 
coefficient, but that, as humidity and temperature are so closely 
related m any one locahty, their separate effects cannot be deter- 
mmed by the usual method of observation This has been confirmed 
by direct experiment on the effect of varying humidity and tempera- 
ture separately by artificial means (^^), and as a result the new 
formula for the candle-power is found to be 

7 =: 10{l + 0 0052(8 - e) + 0 001(16 - - 0-00086(760 - b)} 


where t is the temperature in degrees Centigrade. The values of the 
constants are obtamed from a very large number of comparison-:! 
mth an electric glow lamp sub -standard of the same colour, observa- 
tions being made under all available conditions of pressure and 
humidity The most probable values of the constants are then found 
by the method of least squares. 

The standard of candle-power adopted as legal m Germany and 
some other European countries is the lamp devised in 1884 by 
P von Hefner-Alteneck (^^j^ and shown in Fig. 66. It consists of a 
container C made of brass, 


70 mm. m diameter and 
38 mm high It holds 
about 116 cc of amyl 
acetate (CgHi^CalljOg), a 
specially pure grade of this 
compound being required for 
photometric purposes (^®) 
The hquid should always 
be emptied out of the con- 
tamer when the lamp is not 
in use, as otherwise corro- 
sion IS hable to take place, 
even though the inside of 
the contamer be tinned or 



nickel plated A thin Ger- 
man silver tube T, con- 
structed very accurately to 
the dimensions of 26 mm 
in height, 8 mm mternal 
diameter, and 0-15 mm in 
thickness of metal, holds a 


c 



Fig 66 — The Hefner lAmp 


Yuck of fifteen to twenty strands of untwisted cotton, which can be 


adjusted in height by means of the screw S is a gauge consistmg 
of a lens and ground glass screen with a horizontal cross-fine (^^) 
The lens forms an inverted image of the flame on the screen, and by 
this means the tip of the flame cAn be adjusted very accurately to 
the correct height of 40 mm above the level of the tube The 


candle-power of the flame depends appreciably on its height, and 
one of the chief disadvantages of this standard is the fact that the 


flame is very lambent and sensitive to draught, so that m the absence 


of any chimney its use is attended with great difficulty for practical 


p 
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measurement. Liebenthal finds that a variation of 1 mm in the 
height of the flame causes 2-7 per cent change m candle-power The 
gauge on the lamp may be raised 4*2 mm to enable adjustment of the 
flame to a height of 44 2 mm , at which height the candle-power has 
been found to approximate very closely to the international candle, 
although the flame becomes even more objectionable m use at this 
height (1®) 

With the Hefner, as with the pentane lamp allowance has to be 
made for atmospheric pressure and humidity The formula in 
the case of the Hefner lamp is 

7= 1 + 0 0056(8 8 - e) — 0 00011(760 - 6), 

where e and i have the same meaning as before (see p 128) (i®) 

An allowance should also be made for the amount of carbon 
dioxide in the air if this substance be present in appreciable quantity, 
as it has a considerable effect on all flame standards (^®) (including 
the pentane lamp). This correction may be made by adding a 
term + 0 0072(0 76 — i;) to the above expression for 7, k bemg the 
number of htres of COg present per cubic metre of air The amount 
of the correction is so uncertain, however, that it is best to avoid 
it altogether by arrangmg efficient ventilation of the room in which 
the lamp is burning (^®) (see p 446) 

The hght given by the Hefner lamp is much redder than that 
of the pentane, and, bemg without a chimney, the flame is more 
troublesome to mamtam in a steady condition On the other hand, 
the lamp has the great advantages of simphcity and portability, 
which, however, are prmcipally of value in a worlang standard, and 
do not enter mto consideration as far as a primary standard is 
concerned (^^) 

The flame standard adopted in France is the Carcel lamp, which 
has been briefly described on p. 4 It is, however, quite unsmtable 
as a standard lamp for use m modem photometry. 

A large number of mter-compansons between the various flame 
standards have been earned out at different times (2^) with varying 
results. As a result of the mtercompanson m 1907, it was found 
that the Bntish standard, based on the 10-candle pentane lamp, 
was 1 6 per cent lower than the Amencan candle, while the French 
Bougie dicimale, denved from the VioUe unit (see below), was 
greater than the British unit by about 1 per cent In 1909, by 
agreement between the standarchsing laboratories of Great Bntain, 
France, and the U.S.A , the American candle was lowered 1*6 per 
cent to bring it mto agreement with the Bntish umt, while the 
French also agreed to adopt the resulting umt, which thenceforward 
became known as the international candle Germany and the 
other countries which had adopted the Hefner standard contmued 
to use that unit, but its value was agreed to be exactly nme-tenths of 
the international candle (2®). Tins unit has been still further 
stabilised by the action of the International Commission on Illumina- 
tion in 1921 (see p 86). 

Incandescence Standards. — Of the proposals in this class the 
best known is the meltmg platinum standard (2^), first given a 
practical form by J VioUe, and therefore generally known as the 
VioUe standard ” (^®). It is the light given by 1 sq cm. of a 
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surface of molten platmum at the temperature of sohdification. 
The VioUe standard, on account of its obvious theoretical advantages, 
has been regarded as a proTm'fliTig advance on the existmg flame 
standards, and unsuccessful attempts have been made at various 
times to place it on a satisfactory basis (^®) The most recent careful 
work on this standard is that of Petavel (^'^), who used a semi- 
circular bar of platmum heated by an electric current to such a 
temperature that the inner core of the bar melted, while the outer 
shell remamed sohd. The second form of the standard on which he 
made measurements was an mgot of platinum fused m a crucible 
of pure lime by means of an oxy-hydrogen blow pipe. The metal 
was first completely melted ; heatmg was then stopped and photo- 
metric measurements of the brightness were made at intervals of 
ten seconds durmg cooling. The readings, when plotted, showed a 
constant value over the region corresponding to the time of sohdifica- 
tion, and the mean of the observations at this period was taken as 
the value req^uired It was found that the values obtained by this 
method did not depend on the shape or mass of the ingot, but that 
the effect of contammating the platmum with either sihca or carbon 
was very marked Petavel s final conclusion was that the probable 
variation m the light emitted by molten platmum under standard 
conditions was not greater than 1 per cent , and that with more 
experimental refinements an even greater accuracy than this might 
be attamable. It cannot be said, however, that 1 per cent, is sufficient 
to bring the Violle standard, with its additional disadvantage of 
redness of hght, into serious competition with the existing standards 
It was, however, adopted by the International Electncal Congress 
m 1889, and its one-twentieth part was given the name “ bougie 
decimale ” (^®) 

In order to avoid the possible variations in the temperature of 
fusion or of sohdification of the platmum, it has been proposed to 
use the metal at a temperature below the meltmg pomt, and to 
define the temperature as that at which a layer of water 2 cm in 
thickness transmits 10 per cent of the total resultant radiation (®®). 
This ratio is deter min ed by means of a bolometer. Although this 
standard is used at the Physikalisch-Techmsche Reichsanstalt for the 
checking of Hefner lamps, Petavel has fomd that the bolometer 
method of temperature adjustment is not sufficiently fundamental 
to enable this apparatus to fulfil the conditions of a primary standard. 
He proposed a modification of the Lummer-Kurlbaum standard (®®). 

Another mcandescence standard, on which a considerable amount 
of work has been done by many mvestigators (®^), is that provided 
by a square nullmnetre of the positive crater of a carbon arc operatmg 
under conditions designed to ensure steadmess. In the Forrest arc 
(Pig. 67) two negatives are employed, each at an angle of about 100® 
with the positive Under these conditions, and usmg carbons of 
8 mm diameter with a total current of 7 to 10 amperes, it has been 
found that the brightness of the crater is uniform over the whole of 
its surface, and measurements of the candle-power per sq. mm. 
can be made by msertiog m front of the crater at D, Fig. 67, a 
small diaphragm of accurately known dimensions. Forrest found 
that the arc would work quite silently over a considerable range of 
currents, and that the crater brightness was mdependent of the 
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current under these conditions The value he obtained was 172 
candles per sq. mm., using carbons of 6 to 8 mm. diameter and 
currents up to 5 amperes 

An advantage which this standard possesses over any other is 
that the colour of the light is bluer than that of most present-day 



sources, a difference which will dimimsh as the efidciency of practical 
illuminants mcreases. 

The “ Black Body” Standard. — ^The proposal to use a definite 
area of a total radiator (black body) at some defimte temperature 
has been made at various times by several workers The great 
advantage of a total radiator as a primary standard is its reproduci- 
bihty and its independence of small variations in construction. 
Moreover, its radiation follows definite and weU-estabhshed laws 
(see p 37j, not only as regards the total energy emitted, but also 
as regards the distribution of that energy throughout the spectrum 
Therefore, if measurements of the total energy radiated by a given 
area of a black body could be made to the necessary accuracy, the 
temperature, and thence the candle-power, could be at once deduced 
At temperatures m the region of 2,000° K. (^^), however, a change 
of 1 per cent, in temperature produces a change of about 10 to 12 
per cent in candle-power, so that for accuracy in the standard of 
candle-power the temperature measurements need to be exceedingly 
good. 

Practical Forms of ‘‘ Black Body.” — ^The most commonly 
employed form of black body is cylmdncal in shape, and for work 
up to a temperature of about 1,700° K it consists of a tube of 
porcelam electrically heated by means of platinum stnp (®^). 

The construction is shown in Fig. 68 A, B and G are three 
concentric porcelam tubes, B bemg wound with platmum strip 
0 02 mm thick and 1 cm wide The winding is closer at the ends 
than at the middle, in order to obtain a more uniform temperature 
A IS uniformly and closely wound with platinum strip 0 1 mm thick. 
The shields a, 6, c . . ensure that no radiation can be emitted 

from the opening at P, except that proceeding directly from the 
diaphragm d. Thermocouples attached to the back and front of this 
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diaphragm give the temperature of operation Water-cooled 
shutters are used m front of the opening P in order to cut off radiation 
from the surroundmg porcelam walls. The heatmg of the two 
platmum coils is generally separately controlled by regulating the 
current through them The energy d^tribution curve obtamed with 



Fig. 68 — Porcelain Tube Black Body Radiator 


a black body of this kmd at a temperature of 1,596° K is shown 
in Fig. 21 (®®) 

For higher temperature work a carbon tube is used (Fig 69) (®'^) 
This IS heated by passing an elegtric current through the tube itself, 
which IS 1 2 mm thick. The ends of this tube are copper plated and 
fitted into thick carbon cylinders These cylinders are securely 
clamped into the metal blocks B, B which convey the current The 
back waU of the radiating cavity is formed by the plug P^, so shaped 
that its area of contact with the tube is as small as possible m order 
to prevent local inequahties of heating Access of oxygen is pre- 
vented at the back of the tube by the plugs Pg and Pg, and in 
front by passing a stream of nitrogen into the cap at the mouth of 
the cavity A similar form of total radiator has been used up to 
about 2,800° K (^s) 

The Measurement of Temperature. — ^There are several methods 
of thermometry which may be used for measurmg the temperature 
of a black body The gas thermometer, which may be used up to 
about 1,870° K (®^), gives the basis for the standard temperatures 
now generally adopted, viz , the meltmg pomts of gold and palladium 
taken as 1,336° K and 1,829° K respectively A wire of gold 
or palladium may then be made part of an electrical circmt and 
heated up within the black body When the wire melts, the circuit 
IS broken and the temperature of the black body at that instant is 
assumed to be the same as the meltmg pomt of the metal. Some form 
of pyrometer may then be used to measure the radiation at the same 
instant, and by its means the temperature of the black body at 
higher temperatures may be deduced from the laws govermng pure 
temperature radiation These pyrometers may be of either the 
total radiation or the optical t3^e. In the former, of which the F6ry 
and the Foster are the best known forms (^2), an image of the black- 
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body aperture is formed by means of a mirror on a small thermo- 
couple (see p 319) The deflection of a galvanometer m circuit with 
the thermocouple is then proportional to the rise m temperature 
of the latter, % e., to the total radiation it receives, less that it emits. 
This is proportional to the normal radiation per unit area from the 



!Pig. 69 — Carbon Tube Black Body Radiator 


black-body aperture (“), so that the galvanometer deflection varies 
as (T^ — To*}, where T is the absolute temperature of the black 
body, and To the temperature of the surroundmgs. If, then, the 
deflection at the meltmg pomt of palladium be Dp* while that at 
temperature T is Dy, it foUows that 

{T* - To*)l{l,829* - To*) = Dp/Dp* 

The optical pyrometer depends on the law connecting the 
radiation at any given frequency with the absolute temperature of 
the black body (see p. 37) The Wanner pyrometer, which is of 
this type, IS a modified form of the Komg-Martens spectrophoto- 
meter (see p 281), and depends on a polarisation method for 
measuring the ratio of the bnghtness of the black body to that of 
a standard lamp mamtamed at a constant value (“). With this 
mstrument measurements are made with a red glass, which only 
transmits a limi ted portion of the spectrum, and may therefore be 
regarded as giving the values of brightness at a certam " effective ” 
wave-number v Alternatively, the hght from both sources may 
be analysed by means of a prism and the ratio obtamed at any 
desired wave-number. 

If B and Bpi be the relative brightnesses of the black body at 
the unknown temperature T and at the palladium point respectively, 
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then BjBpi = - l)/(e“2”^^ - 1), and from this, since 0^ 

and V are known, T may be found. 

In practice it is simpler to use, instead of tbe fuU Planck ex- 
pression employed above, a modified form (actually proposed by 
Wien before Planck’s theory had been brought forward ), viz,^ 
E = or E^ = The above equations 

therefore become, on taking logarithms to base e, 

logtf B — logfl Bpa = — 0^v{T-^ — 0 0005467) 

Instead of assuming the value of it is clearly possible to measure 
the value of B at the gold pomt (5^^) and so to obtam the following 
equation independent of both G^ and v — 

n z? 1 D N//1 D 1 D X 0 0006467 -r-i 

(log, B - log, 5prf)/(log, Bpi - log, Ba.m) = Q 0002015 * 

In the Holbom-Kurlbaum type of optical p3rrometer (^'^) an 
image of the black-body aperture is formed on the filament of a small 
carbon lamp, and the brightness of this filament is varied by altera- 
tion of the current passing through it until the filament disappears 
owmg to the identity of its bnghtness wdth that of the surrounding 
image In this pyrometer measurements are always made with a 
red glsLss. The objection to the use of a red glass for a standard 
instrument is that the effective ” wave-number necessarily vanes 
shghtly with the spectral distnbution of the sources compared 
through it ; for, smce its transmission is considerable over an 
appreciable range of frequencies, the higher frequencies within this 
range receive more weight as the temperature of the source rises, 
% e , the “ effective wave-number ” is gradually increased. For a 
glass of usual type this change may amount to Sv = 80 cm-^ 
(8A = 3 mfjL ) in the range from 1,600° to 2,700° K Methods 
of determiniTig the effective wave-number cannot be dealt with here, 
but for these the ongmal papers or a book deahng with pyrometry 
should be consulted (^®) 

The difficulty involved in measurmg the temperature of a black 
body to the accuracy necessary for its estabhshment as a satisfactory 
standard of light has led to the suggestion to adopt the melting 
pomt of platmum as the fixed temperature of the black body (^®), 
thus avoiding the necessity for an absolute measurement of tempera- 
ture. H E Ives has realised this form of standard by usmg as 
a black body a platinum tube heated by means of an electnc current 
passmg through it The bnghtness of a small aperture m the side 
of the tube is measured contmuously until the tube melts, and the 
final value thus found is taken as the bnghtness of a total radiator 
at the meltmg pomt of platmum The value found for this brightness 
IS 65 40 cancfies per sq cm. 

Electric Glow Lamps as Standards. — ^The above description of the 
more successful of the vanous standards that have been proposed 
from time to time wiU be sufficient to show that an accuracy of 
1 per cent is the most that can be obtamed as regards either 
reproducibfiity or constancy. Now the precision of photometric 
measurement, without colour difference, is at least 0 2 per cent. 
It follows that lamps can be compared with one another to an 
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accuracy which is at least five times as great as the reproducibihty 
of the standards of candle-power. 

This position is so anomalous that in 1921 the International 
Commission on Ulummation decided to base the umt of luminous 
intensity, not on any of the so-called primary standards, but on the 
agreement of a number of electric mcandescent filament lamps, 
which have been proved to be of very great constancy (®i), and which 
have been compared with one another to the highest accuracy 
possible in photometry at the present time 
There is thus no existing lamp which has a 
luminous intensity of exactly 1 international 
candle, but the electric lamps at the chief 
national standardising laboratories preserve, 
among them, the value of this umt to the 
same accuracy as that obtainable when 
they are used for the preparation of sub- 
standards The defimtion of the mter- 
national candle given on p 86 is the result 
of this mtemational agreement (®^), but it is 
recogmsed that the position, however con- 
vement in practice, is objectionable m theory, 
and there is no doubt that the search for a 





real primary standard will go on, and when 
it is found the value assigned to the unit will 
be the same as the mean value given by the 
present incandescent lamp standards Pro- 
bably the most promising hne of attack is 
that indicated m the preceding section 
Improved accuracy m the measurement of 


temperature will automatically bring with it 
a black-body standard of hght. 

Meanwhile the electric incandescent stan- 
dard lamps remam as the custodians of the 
umt of hght One of them, kept at the 
National Physical Laboratory, is shown in 
Pig 70; it consists of a single “hairpm” 
loop of carbon enclosed m a cyhndncal bulb 
of 100 mm. diameter When in use the lamp 
IS set up so that the leadmg-m wires are at 
the bottom, and the plane of the filament 
18 at nght-angles to the direction m which 

K’lo 70-AFiemmg-Ed.8wanS® measT^ements are made 

Standard Lamp JJistances are measured from this plane, 
but the lamps are always used at a certain 
fixed distance from the photometer, so that measurements are 



always made at an illumination of 10 metre-candles This use 


of a fixed distance has the effect of ehrmnating the departure 
from the exact inverse square law owmg either to any lack of 
centering of the image of the filament formed by the walls of 
the bulb or to lens action by the curved glass walls. The filament 
hairpm is about 100 mm long, and as its distance from the 

f ihotometer is approximately 1,260 mm (the candle-power of these 
amps being about 16), the departure from the inverse square law 
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due to size of source is less than 0-2 per cent, (see Fig 52, p 103). 
Other standard lamps of a different construction are preserved at 
the Bureau of Standards, Washington, the Laboratoire Central 
d’Electncite, Paris, and the Physikahsch-Techmsche Reichsanstalt, 
Ch^rlottenburg, Berlin Although the 1909 agreement referred to 
in the defimtion of the international candle was based on com- 
parisons of carbon filament lamps operating at about 3 lumens per 
watt (tungsten basis), subsequent compansons have also been made 
by means of tungsten filament lamps (see Fig 71), operating at an 
efficiency of about 6 7 lumens per watt Thus practical mternational 
agreement has been arrived at as regards the umt of candle-power 
at both efficiencies (®®). 

The rate of decrease of candle-power in carbon lamps of the 
type described above, and m tungsten filament lamps such as those 
described in the next section, is probably less than 3 per cent per 
100 hours of actual burning if the lamps are carefully aged and used 
with every precaution (®^) The decrease is therefore quite inappreci- 
able m ten years if each lamp be run, on the average, for not longer 
than fifteen minutes per annum 

Sub-Standards of Candle-Power. — ^The above sections have dealt 
with the primary standard of hght, but, as m the case of standards 
of all kinds, it is necessary for the purposes of everyday measure- 
ment to use other lamps, Imown as sub -standards, which have been 
carefully measured by the primary standards and are compared with 
them at mtervals as may be found necessary 

Until the constancy of the electnc lamp as a source of light had 
been fully proved, one of the flame standards described in this 
chapter was generally employed as a sub-standard, its candle-power 
havmg been certified by a standardismg laboratory to be in accord- 
ance with that of the similar primary standard The use of flame 
lamps as sub-standards, however, has now been abandoned almost 
entirely m favour of the more convement electnc glow lamp 

For work of the highest degree of accuracy it is desirable to use 
a specially constructed lamp, such as that shown in Fig 71, which 
represents the type employed at the National Physical Labora- 
tory (®®) The tungsten filament is mounted in a smgle plane so 
that this may be used for defimng the zero of the distance measure- 
ments When the lamp is in use this plane is arranged to be 
perpendicular to the axis of the photometer bench (see next chapter). 
The lamps are carefully “ aged ” before bemg standardised, t e , they 
are run for at least 100 hours at an efficiency equal to or greater than 
that at which they are to be used in practice Their rate of candle- 
power fall over the latter half of this period should not exceed about 
3 to 4 per cent per 100 hours They may be operated either at a speci 
fied current or at a specified potential In the latter case the potential 
IS measured at the ends of leads which are soldered to the contact 
plates, and so form a permanent part of the lamp (®®). The process 
of candle-power measurement, and of electrical adjustment, will be 
described m Chapter VI One of the most important precautions 
m usmg a sub-standard lamp is to ensure that no potential which 
IS even shghtly in excess of that at which the lamp is standardised 
can ever be apphed to it, even for a few seconds If this should 
happen inadvertently, the lamp should be re-standardised. 
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There are many precautions which have to be observed in the 
manufacture of standard lamps. The jomt by which the filament is 
connected to the leadmg-in wires should be welded, and not simply 
“ pmched,” so that any possibihty of uncertam contact may be 

avoided Further, hooks and supports 
which are loose, so that they some- 
times touch the filament and sometimes 
do not, cause a variation in candle- 
power due to local coohng of the fila- 
ment by conduction The glass bulbs 
are considerably larger than those that 
would be used for lamps of the same 
candle-power designed for ordmary 
work This is m order to reduce the 
fall of candle-power due to blacken- 
ing,” i e., the fine deposit on the glass 
which takes place gradually m all elec- 
tric glow lamps, and which produces 
a marked increase m the absorption 
factor of the bulb 

It is, naturally, of the first import- 
ance that sub-standard lamps should 
be used so that the hght which reaches 
the photometer from them is that 
emitted in a certain direction, for not 
only does the candle-power of such 
lamps vary in the manner described 
in the last chapter, where the emission 
of a radiatmg cylinder was bemg con- 
sidered (p 108), but the mevitablo 
shght vanations of thickness in the 
glass bulb give nse to lens effects which 
-A p^SiofiximJv produce small local variations of candle- 
_ ^ X -ni X 04 . ^ power If these variations be present 

dard or Sub-standard Lamp a marked degree, SO as to produce 

noticeable streaks ” or “ blotches ” 
on a featureless white surface held in the path of the hght, the lamp, 
though perhaps perfect m other respects, is valueless as a sub- 
standard 

The “ registering ” of a lamp, so as to ensure that its position 
with respect to the photometer is always the same, is most con- 
vemently achieved by mountmg the lamp permanently in a holder 
provided with a stem which fits mto the carnage of the photometer 
bench, and registers m its correct position m that holder by means 
of a small slot, such as that shown at the bottom of the stem of the 
lamp illustrated m Fig. 71 A further advantage of a permanent 
mountmg of this kmd for sub-standard lamps is that the potential 
can be measured at the ends of terminals which are permanent and 
fixed pomts in the lamp circmt. All uncertamty of contact at the 
lamp terminals, which is so frequently a source of unsteadmess when 
lamp sockets are used, is thus completely avoided, and, further, if 
the lamp be carefully ‘‘ lined up ” when it is mounted, so that the 
plane of the filament passes through the axis of the stem, no further 
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limng up is necessary when the lamp is used on the bench. When it 
18 impossible to use a self -registering mounting for a sub -standard, 
the best method of “ limng up ” is to etch on opposite sides of the 
bulb two small circles, so placed that when the lamp is in the correct 
position the line passmg through the centres of these circles also 
passes through the photometer head. In other words, this Ime 
defines the direction in which the sub -standard has the measured 
candle-power When the lamp is set up for use on the bench it is 
first placed with its axis vertical (either upright or pendent), and it 
IS then turned about this axis until the two circles are in line with 
the photometer head. It is very desirable that a sub -standard should 
be used m the position m which it has been standardised, viz.^ either 
always upright or always pendent, as the case may be 

Another possible constructional defect in sub -standard lamps 
anses from the fact that a real image of the filament is formed by 
refiection m the curved surface of the bulb. If the filament be 
centrally placed, the image, the bnghtness of which is approximately 
8 per cent of that of the real filament, will lie very nearly m the 
same plane as the filament, and so will not produce any appreciable 
shift in the position of the effective light centre A badly placed 
filament may, however, give an image which is considerably 
displaced, and which therefore gives rise to unsuspected errors, 
particularly if the lamp be used at short distances from the photo- 
meter (see p 420) (®®) 

For work where the highest degree of precision is either unneces- 
sary or impossible, the ordmary type of electnc l&mp in which 
the filaments are disposed cyhndncaUy (squirrel-cage type) may 
be used as a sub -standard In this case the necessity for accurate 
“ lining-up ” is still greater than with the planar type of filament. 
It IS often desirable for low mtensity measurements to use a sub- 
standard of low candle-power (1 to 2 candles), m which the filament 
consists of a single hairpin of tungsten or carbon 

The direct measurement of the mean sphencal candle-power of 
hght sources by means of some form of integrating photometer (see 
Chapter VII ) is now becoming more and more general For this 
purpose some form of sub-standard of known mean spherical candle- 
power must be employed, and it is frequently desirable to use a 
gas-filled lamp for the purpose m order to avoid colour difference. 
The mean sphencal candle-power of a vacuum lamp of smtable type 
IS first measured by means of the apparatus described on p 204, 
using the ordmary standards of candle-power This lamp is then 
compared in the integrating photometer with other (vacuum or gas- 
filled) lamps which are to serve as sub-standards The precautions 
chiefiy necessary m preparmg sub-standards of this land are those 
which ensure constancy of hght fiux, viz , (a) agemg, (6) certamty of 
contact and accurate potential (or current) measurement, (c) con- 
stancy of position (upnght or pendent), particularly m the case of 
gas-filled lamps Filament form, lens effects m the glass, and the 
position of the filament image are unimportant 

The Acetylene Sub-St andaid. — ^For approximate work m labora- 
tories where a steady source of electric supply is not available, a 
screened acetylene flame of special form has been found useful as 
a sub-standard (^®). This form of standard, known as the Eastman- 
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Kodak standard, is shown m section in Eig 73 The burner is a 
Bray air-mixing burner, consuming about J cub ft per hour and 
giving a cylindrical flame about 3 mm. in diameter and 50 mm high. 
The flame is surrounded with a black cylindrical hood of metal 
having at one side a small honzontal opening C pro- 
vided with a wedge-shaped diaphragm. The centre of 
the openmg is adjusted in height, according to the 
burner used, until the part of the flame visible 
through C IS that which is least affected m bnght- 
ness by small changes in gas pressure. The height 
of C above the burner tip is then usually between 
18 and 20 mm. The pressure of the gas worked 
with is 9 cm of water. Each burner req[uire8 
separate standardisation by comparison with a 
tungsten lamp, which it matches m colour when 
the efficiency of the lamp is about 9 1 p.w The 
effective position of the source being that of the 
inner opening in G, this opening may convemently 
be arranged to be over the centre of the bench 
carnage. 

HiiiiM iiiitiiniimnn Comparison Lamps. — ^Even sub-standards should 

not be used more than is absolutely necessary, and 
where much photometnc work has to be done it is 
usual to employ a lamp, known as a companson 
lamp, for the actual measurements, and to deter- 
■ mine the value of this lamp at the beginnmg of each 
day’s work by means of the sub-standards. This 
companson lamp may be of any type so long as 
its candle-power can be rehed upon to remain con- 

1 stant for the period of use In the substitution 

Fig 73 —The East- method of photometry, descnbed m the next chapter, 
man-Kodak Ace- Qf comparison lamp IS always necessary 

Jard. (s®® P 1^^) Many different types of lamps have 

been used as comparison lamps at different times (®°), 
but an electnc incandescent lamp, either with or without a colour 
filter, is now employed almost universally on account of its steadiness 
and general convemence 

It IS sometimes convenient to be able to use the same comparison 
lamp for measuring lamps of widely different candle-powers This 
can be arranged by placing a lamp of high candle-power in a whitened 
box having, on the side facmg the photometer, a ground glass 
wmdow fitted with a variable diaphragm The candle-power of the 
window can then be adjusted to a suitable value by altering the size 
of the diaphragm opemng 

For contmuous work with gas mantles a comparison source of 
similar type is sometimes used (®2). A large upright mantle is 
surrounded with a cyhndncal screen containing a small aperture 
of convement (often adjustable) size, so arranged that offiy the 
central part of the mantle is visible from the photometer If the 
gas pressure be well regulated, such a comparison source will 
mamtamits candle-power reasonably constant for a period of several 
hours. 
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CHAPTER VI 

MEASUREMENT OF CANDLE-POWER IN A SINGLE DIRECTION 

Photometry may conveniently be divided into two branches, 
according to the nature of the information which it is desired to 
obtam “ Candle-power ” photometry has for its object the measure- 
ment of the output of hght sources as expressed either in candle- 
power or m luminous flux, while “ illumination photometry ’’ is only 
mcidentally concerned with the sources, and has for its pnncipal 
object the measurement of the illumination which they produce at 
a given pomt. lUummation photometry will be dealt with in a later 
chapter of this book (Chapter XII ), this and the following chapters 
bemg devoted to a descnption of the apparatus and methods of 
candle-power photometry The measurement of candle-power in 
a single direction will be dealt with in the pages immediately follow- 
ing, while the determmation of the candle-power distribution of a 
source and its total flux output, and the apparatus special to that 
particular branch of the subject, will be described in Chapter VII 

General Considerations.— It has been said already that the eye 
IS the ultimate judge m all photometry, since the sensation of hght 
IS essentially a psycho-physiological phenomenon inseparable from 
that organ of special sense Nevertheless, methods of photometry 
have been devised m which purely physical apparatus is used to 
measure radiant energy in such a manner that the energy at any 
^ven frequency is weighted according to the luminosity of hght of 
that frequency (see p 64), so that the physical apparatus becomes, 
m reahty, a representative of the average human eye These methods 
are classed together under the heading of ‘‘ Physical Photometry,’' 
and are described m Chapter XI , m them it is the energy reaching 
a sensitive surface, i e , lUummation, that is measured While the 
same is true of visual photometry in that the ultimate measurement 
depends on the illumination of a sensitive surface, the retina, in this 
case the illumination is due to the brightness of the surface looked 
at, so that m effect visual photometry may be said to depend on the 
measurement of brightness 

In common with all the other organs of sense, the eye cannot 
measure with any degree of accuracy (i) , in fact, its power of 
adaptation (p 64) is so great that it is probably the worst of all 
the s^e organs m this respect Measurements must therefore 
depend on the judgment of equahty (2) Under the most favourable 

conchtionsadifferenceof bnghtnessof aboutl 6percent (seepp 8,62) 

can be detected, and it is found that by a practised judgment of the 
midway pomt between the first appearance of lack of equahty in 
either direction a measurement accurate to about 0 2 per cent can 
be obtained by taking the mean of a large number of readmes This, 
hmit of accui’acy of visual photometry The 
art of photometry and the design of photometric apparatus have 
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for their object the attamment of this limit by enabling the eye to 
be used under the most favourable conditions (®). It may be said, 
in fact, that every photometer is a combination of two prmcipal 
parts, VIZ • {a) some device for enabling the eve to compare, as 
accurately as possible, the brightness of two surfaces, one of which 
IS illuminated by the source to be measured , and {b) means for 
varying the brightness of the other surface according to some known 
law The only exceptions to this general rule are the so-called 
‘‘ absolute ” photometers, which depend on such physiological 
phenomena as (i ) the relation between the retinal illumination and 
the diameter of the pupil (see p 55), (u.) the amount of reduction 
required to bring the measured hght just to the threshold of visibility 
(“extinction” photometers, see p 2), (lii ) the relation between 
visual acuity and brightness (“ acuity ” photometers, see p. 236), 
or (iv ) critical frequency (see p 249) 

Classification of Photometers. — ^It is convenient to divide 
apparatus for visual photometry mto several classes according to 
the method used for obtauung the variation of brightness of one of 
the surfaces to be compared* By far the most important of these 
classes is that in which the mverse square law of illumination is used 
In the other classes various other laws are employed, such as the 
tangent-squared law of polarisation, Talbot's law of the trans- 
mission factor of a sector disc, the law of transmission of an absorbmg 
screen, the cosine law of illummation, etc This classification is 
by no means a rigid one, for apparatus belonging to two or more 
classes may be, and frequently are, used together, but it will be 
useful for the purposes of this chapter, and will be adopted in what 
follows 

Photometry by the Inverse Square Method. — ^The simplest, and 
at the same tune most commonly used, form of photometer depending 
upon the inverse square law of illummation consists of two essential 
parts, VIZ , — 

(i ) A specially designed piece of apparatus termed a “ photo- 
meter head” (sometimes, for brevity, a “ photometer ” (^) ), the 
function of which is to enable the eye to judge when equality of 
brightness is attamed between the two comparison surfaces within 
it, each of these surfaces being lUummated by one of the two sources 
Df light to be compared 

(ii ) A graduated bench upon which the photometer head and 
he sources may be mounted m such a manner that the distances of 
me or both of the sources from the head may be varied and measured 
•eadily and accurately 

If, then, and /g the candle-powers of the sources, while 

Photometer 
^ jj^HccLct 


Fig 74 — ^Photometry by the Inverse Square Method 

nd p 2 are the reflection factors of the surfaces, and and dg their 
istances from the sources, it follows that when the two surfaces 


A 

— 
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are equally bright Hence, if p^ and p^ be 

known or equal, IJI^ can be found from a measurement of and d^ 

The simplest arrangement is that in which the photometer head and 
the sources are m one straight hue, as shown m Eig 74, one or both 
of the distances d^ and dig being variable at will by moving one of 
the sources (ij, ig) cr the photometer head, or both, along the 
“ photometer bench ” 

The Photometer Bench. — ^From the equation given above it is 
clear that the distances d^ and d^ must be measured to an accuracy 
superior to that of the photometric comparison. Since the distance 
enters as a square, an accuracy of 0 2 per cent, m the photometnc 
measurement demands an accuracy of at least 0 1 per cent in 
distance, and since it is desirable that the total of the vanous errors 
involved may not be much in excess of the 0*2 per cent theoretically 
attainable, it is clear that the distance measurement should be 
accurate to at least 0 06 per cent , i e., half a Tmllimetre in 1,000 mm 
The photometer bench, then, must be graduated accurately in 
Tmllimetres, and should allow of the use of distances in excess of 
1 metre on either side of the photometer head. This is further 
necessary on account of the dimensions of the sources to be measured 
and the possible range of values of / 1//2 

The bench may 'consist of a simple vertical wooden beam carrying 
movable saddles, on which are mounted the hght sources and the 
photometer head It is, however, necessary to have the movements 
of these saddles as smooth and easy as possible, so as to enable the 
observer to pass through the balance point qmckly and without 
much manual effort (®), and also to avoid any vibration of the sources 
Rigidity IS essential in order that the true distance between each 
source and the comparison surface m the photometer may be 
accurately measured on the bench These requirements are more 
fully met m a bench such as that shown m Figs 75 and 130 (p 221) (®) 

The particular pattern there illustrated was designed by Messrs 
Alexander Wnght & Co., of Westminster, m co-operation with-^^ 
the National Physical Laboratory It is a modification of the 
bench made by Messrs Franz Schmidt and Haensch, of Berhn (’) 

The bars R, B are parallel steel rods of 32 mm. diameter, placed at 
a distance of 178 mm. between centres. These bars are supported 
at four or five pomts, according to the length of the bench Close 
to one bar a broad brass strip bearmg a scale of TmlliTYietres is 
mounted at an angle of 46° with the vertical The figurmg of this 
scale IS from a left-hand zero (®), and is marked at every 10 mm , 
the dimensions of the graduations being shown to half scale in 
Fig 76. The length of the bench may be from 3 to 6 metres. The 
brass strip sometimes bears a second, “ squared,” scale, graduated 
in such a way as to mdicate the square of the distance from the zero 
pomt The 1,000 mm mark of the TTnllnnetre scale is marked 10 
on the squared scale, so that if the standard lUummation be 10 metre- 
candles, and a distance of 1,000 mm. therefore correspond to a 
candle-power of 10, the candle-power of any source may be read 
directly on the squared scale when this source is giving the standard 
illumination at the photometer head. The necessity for squarmg 
the reading of the millimetre scale is thus avoided (^). 

The Photometer Bench Carriage. — ^The carriages C, C which travel 
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on the bars of the bench and bear the standard lamps, photometer 
head, etc , are all similar in general design. One of them is shown 
m Pig 77 The primary essentials of these carnages are, as has 
been said, lightness and ease of motion, combined with ngidity and 



Fig 76 — ^The Photometer Bench Scales 


steadiness Upon the ease and rapidity with which a carnage can 
be moved depends, to a very great extent, the accuracy of the 
photometnc measurement which can be made by means of the 
movement of this carnage Por inside a region of about 1*8 per cent., 
where contrast is unperceived by the eye, photometnc measurement 
depends on the judgment of the half-way position between the just 
perceptible limits on either side The accuracy of this judgment 
naturally depends on the rapidity with which the limit on each 
side can be presented to the eye. The less the physical effort mvolved 
in this operation (down to a hmit well below that ordinarily attain- 
able in ;^otometnc apparatus), the more accurate will be the mid- 
pomt judgment (^o). The necessity for ngidity and steadmess have 
been mentioned already 

The secondary requirements of a carriage will be best understood 
from the following description of the design actually employed on 
the bench already described A broad aluminium base plate P 
(Pig 77) runs on the photometer bench by means of three wheels W, 
which are spool-shaped so as to nde easily on the bars B, B (Pig. 75) 
This plate carries at its centre a vertical plUar 7, mto which fits the 
tubular stem of a circular table T, The piUar 7 is capable of a 
vertical motion of about 130 mm. by means of a diagonal rack and 
pinion JS, while the table T is capable of rotation about a vertical 
axis withm the pillar 7. Each of these motions is provided with a 
clamp which, in the case of the table T, takes the form of a. small 
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split-collar 8 bearing a key-piece, which can be tightened on to T 
in any desired position and which fits down into a similarly shaped 
slot in the upper edge of the pillar V The table T is graduated m 
degrees round its outer edge, while the pillar V carries an arm A 



!Fio 77 — ^Tlie Photometer Bench Carnage 

with a mark on it which is in the same vertical plane with the axis 
of the pillar and the fiducial mark on the framework F which moves 
over the brass scale of the photometer bench The base plate P 
also carries (i ) a clamp for clampmg the carnage to the bench at 
any desired position, (u ) a short pillar, which grips the wire Z 
(Fig. 75) by which the carriage is moved when in use, and (m ) a 
second pillar, which cames a spht-rmg for clamping the carnage 
to a brass tube used for fixing two carriages at a defimte distance 
apart so that they can be moved as one umt. 

The same pattern of carriage is used for mounting the various 
pieces of apparatus which have, for different purposes, to be used 
on the bench. Standard lamps, mounted as shown in Fig 71 
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of eroission. It is desirable that the brightnesses of the surfaces 
should not be greatly affected by a small alteration in the angular 
position of the photometer head. Eor this reason they should be 
arranged as nearly as possible perpendicular to the mcident hght, 
for cos d is equal to unity (to an accuracy of 0*1 per cent ) up to a 
value of 2 5° and hence, if the light be incident normally, the photo- 
meter head may be turned through angles smaller than this without 
affecting the accuracy of measurement as long as the suiiaces are 
matt. If, however, the light be incident at an angle of from 45^^ 
bo 20°, as m the case of the Ritchie wedge or its modifications (^®), 
a change of 2° m the position of the head produces an alteration of 
from 1 to 3 per cent m the illumination of the photometer surface, 
and this alteration is m opposite directions on the two sides, so that 
the total error is twice as great 

The Bunsen Photometer Head. — ^The first really accurate photo- 
meter head to be devised was that of Bunsen In this head, - 
which is stiU m common use, a piece of thm opaque white paper, with 
a translucent spot obtamed by treating the paper locally with oil 
or wax, is mounted between the lamps to be compared, and at right 
angles to the line joming them (Fig 74, p 147) Then if the illumina- 
tion of the left-hand side of the paper be El, while that of the other 
side is Er, it follows that the brightness of the opaque part of the 
Bunsen disc on the left is pElI'tt, while the bnghtness of the trans- 
lucent part is (pEz + rEnjlTr, where p, p' and r are respectively 
the reflection factor of the opaque part, and the reflection and 
transmission factors of the translucent part of the disc. 

There are several methods of usmg this photometer In one 
(the substitution method) Er is kept constant by means of a 
subsidiary source, and the candle-powers of two other sources. Is 
and It, say, are then compared by finding the respective distances, 
ds and at which these sources must be placed from the photo- 
meter m order that the translucent spot may disappear (^®) When 
disappearance takes place pEz = p'El + tEr, so that Er has a 
constant value, and therefore I sjds^ = iTjdR^ 

In the second method the two sources to be compared are placed 
one on each side of the photometer, and the pomts of disappearance 
of the translucent spot on each side are noted In this case 
pEz = p^El -f tEr, and pE'r = p'E^r + r'E'z, if p and p' are the 
same for both sides of the Bunsen disc. Hence 

ElIEr = t'Hp - p') = Er^El^ 
and hence {Islds^){dT^llT) = {lTldT'^){ds^lIs) 

or IsIIt ~ dsds jd^d^ * 

If absolute symmetry of the photometer head cannot be assumed, 
then the head must be reversed and the same process gone through 
again It is easy to show that the true value of IsIIt is the geometric 
mean of the values obtamed with the photometer [a) direct and 
(b) reversed (^'^). 

The third method of using the Bunsen photometer is that of 
comparing the contrast between the translucent and opaque parts 
on the two sides where these are viewed simultaneously. This 
can easily be achieved by placmg the disc in a box contaimng two 



MEASURESirENT OF CANDLE-POWER 


153 


/ PKobomdxr 
I Head 


Fid 78 — ^The Bunsen Photometer 


mirrors M,*M (Fig 78) slightly inchned towards the disc /S, so that 
images of the two sides are seen m close juxtaposition by an observer 
at 0 (^®). When there is equahty of contrast on the two sides it 
follows that pEzlip'^L + tEr) = pErKp'Er + rEj^, or Ex, = Er 
If S 3 rmmetry of the disc and 

mirrors cannot be assumed, . . 

the photometer head is 

reversed and the process re- Axls oF Boiek. ' IM'" f 
peated, the geometnc mean 

of the two results agam 1 ® i I 

giving the true value The I — 1 / — I 

separation of the two fields, 1 j 

inevitable when mirrors are 1 I 

used, may be avoided by the » ' 

use of the prism system, j I 

shown m Fig. 79 (^®) \! 

It will be noticed that in \l 

this method of using the "“vq 

Bunsen screen the criterion Piq 7 g — ^ 5^0 Bunsen Photometer 

18 equahty of contrast instead 

of equahty of brightness, and it has been found that in favourable 
circumstances the eye is capable of appreciatmg contrast equahty 
even more accurately than it can appreciate brightness equahty 
This prmciple has, therefore, been adopted in the accurate form of 

photometer head to be described m a 
Bunseii later section of this chapter (see p. 157). 

Smce the values of p, p and r vary 

considerably with the angle of emergence 
of the hght, it 13 essential that, what- 
, ever method be followed m using the 

Bunsen disc, the hne of sight should 
/(\/' \<A always make the same angle with the 

normal to the disc. 

y The theory of the Bunsen disc has 

\ been worked out very completdy by 

\ if'' X Weber and others (^^). It has frequently 

j I been described quite wrongly m text- 

! ! books (® 2 ), it being stated that, with the 

sources to be compared one on each side 

» Fidd of of the photometer head, the balance point 
IS the position of disappearance of the 
Q translucent spot when the disc is viewed 

^Viewing f'^om one stde A simple experiment will 

serve to demonstrate that the points of 


Bunsen 

D130 


I Field of 
View 


disappearance on the two sides are separated by a distance which 
IS far from neghgible even m rough photometric work (^^) 

Methods of preparmg the Bunsen disc have been descnbed by 
many wnters ( 2 ^), and the translucent spot has been given many 
different forms, including a circular disc, a star, and a vertical band. 
In any case, the dimensions of the translucent part should not be 
large. When an actual ‘‘ grease-spot ” is used, a sheet of suitable 
white paper (^®) is stretched on a board, and a disc of brass of the 
form and dimensions desired for the spot is heated, plunged into 
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molten paraffin wax, and, after drauung, is placed on the sheet of 
paper and then removed The superfluous wax is absorbed with a 
sheet of blottmg paper and an iron, moderately heated so as not to 
spoil the edges of the spot The Leeson disc consists of a sheet of 
white paper m which a star-shaped hole has been cut with the 
sharpest possible edge A sheet of thin translucent paper is then 
pressed on to each surface of this sheet, and a Bunsen disc with a 
very fine line of demarcation is obtamed Topler’s disc is similar, 
but has a circular spot 

It 18 important that any Bunsen disc in which a paper surface 
is used should be kept m a dustproof and dark enclosure when not 
actually in use , otherwise dirt and the discoloration due to exposure 
to hght wiU gradually produce a lack of equahty between the two 
companson surfaces (^®) 

The Disadvantage o£ Mixed Light on the Comparison Surfaces. — 

It wiU be noticed that there is one defect m the Bunsen photometer 
head. This is the fact that the brightness of the translucent portion 
of the field is due partly to transmitted and partly to reflected hght, 
% e , each comparison surface receives hght from both sources, with a 
consequent reduction of sensitivity. When the photometnc setting 
is obtamed, the bnghtness of this part of the field is proportional 
to tEr + p'Ei, while the bnghtness of the opaque part of the field 
is pEz- It follows that if the photometer head be displaced by a 
small distance x to the left of its balanced position, the percentage 
increase of bnghtness of the opaque part wfll be 200x jdz, while the 
percentage decrease of bnghtness of the translucent part will be 
E zJdR — p'Ezjdz) {tEr -1- pEz), 

Dividing through by tEr and puttmg EzjEn = m, where m is 
very nearly umty, this becomes 



Clearly the accuracy with which the photometric settmg can be 
made increases with the percentage change of contrast for a given 
movement of the photometer head, % e , with increase m the value 
of the expression written above Hence, smce the ratio of dR to dz 
IS governed entirely by the ratio of the candle-powers of the two 
sources, while m is very nearly umty, it follows that the sensitivity 
mcreases as p'lr dimimahes, and attams its hmitmg value when 
p = 0,1 e f when the translucent part of the field derives its light 
from one source only. 

This IS clearly a particular case of a more general pnnciple that 
the sensitivity of a photometer is reduced if either companson field 
receive hght from both the sources bemg compared. For suppose 
one field A receives the whole of its hght from a source La^ while 
the other field B receives a fraction 'p of its hght from the same 
source and the rest from a second source Lr Then any move- 
ment from the position of balance which produces an mcrease of 
X per cent in the illummation of A produces a simultaneous increase 
of px per cent m the illumination of B If this same movement 
produce a decrease of y per cent m the illumination of B due to 
Lr, the aggregate contrast produced by the movement is {y — px) 
per cent , and this clearly increases as p decreases. The pnnciple 
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just proved shows once again the necessity for a sharp boundary 
between the two comparison fields, for the presence of an intermediate 
region owing its brightness to both sources, and therefore less affected 
by any given movement of the photometer head, causes an un- 
desirable separation between those portions of the surfaces which 
alone the eye should compare in making its equality settmg 

Thus the following may be laid down as the conditions to be 
fulfilled m a sensitive photometer head — 

(а) The hght should be mcident normally at the companson 
surfaces 

(б) The surfaces should either be perfect diffusers or else be 
viewed from a fixed direction 

(c) The surfaces should be presented to the eye with the sharpest 
possible boundary between them. There should be no overlapping 
nor any appreciable separation (2’) 

{d) Each surface should receive its hght from one only of the 
sources to be compared 

The Lummei-Biodhun Photometer Head. — ^The conditions above 
laid down are best met in the form of photometer head due to 
0 Lummer and E Brodhun (^®) The prmciple of this photometer 
depends on the use of a so-called cube ” made up of two right- 
angled glass prisms, as shown m Fig. 80 In one of the pnsms the 


t 



Fia 80 — The Lummer-Brodhim Cube 

principal surface is spherical mstead of flat, but it has a small region 
at the centre which is flat, and which makes optical contact with the 
central portion of the flat surface of the other pnsm, while the 
outer parts of the surfaces are separated by air It follows that hght 
entering the pnsm system at the surface AB passes undeviated 
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through the central portion in optical contact, while over the outer 
portion it is totally reflected, and emerges at BC On the other 
hand, hght entering DE is transmitted through the central portion 
and emerges at BG, Hence, if and he two comparison surfaces, 
the central part of 8-^ is seen directly by an eye placed at 0, while 
the outer part of 8^ is seen by total reflection at the surface AG, and 
the two together form a nng and disc field with a very fine and 

ir 

I I 
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Fia 81 — The Lummer-Brodhun Head (Equality-of-Bnghtness Type). 

sharp line of demarcation if the prism DEF be slalfuUy con- 
structed Eor photometnc purposes the cube and comparison 
surfaces are arranged as shown in Fig 81. S is a sheet, about 4 mm 
thick, of plaster of Pans or some other white diffusing substance, 
held in a brass framework, the plaster surface being circular and 
about 62 mm in diameter The two sides of this disc are lUummated 
by the hght from the two sources whose candle-powers are being 
compared, and the light from them is brought 
to the two prisms of the cube by means of 
silvered glass mirrors or auxihary total reflec- 
tion pnsms, as shown in the figure The field 
of view seen by the eye at 0 is then as shown 
m Pig 82 The eyepiece is provided with a 
lens at W, so that the surface of the cube may 
be brought to a focus and the necessary sharp- 
ness of the boundary between the two parts 
of the field obtamed The plaster screen, 
mirrors, cube, and eyepiece are mounted rigidly 
inside a brass box provided with two openings 
by which the hght from the sources may reach 
8 (see Fig 89). These windows are pro- 
vided with brass cover-plates, which are used 
to close the wmdows when the photometer is 
not in use, and thus prevent, as far as possible, the entrance of dust 
This, by settling on the glass surfaces, produces dark specks on the 



Fig 82 — The Luminer- 
Brodhun Equahty-of- 
Brightness Field 
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field which are very annoying to the eye when it is endeavouring to 
make a photometric balance The mterior of the photometer box is 
lined with black velvet or optical black m order to absorb stray 
hght due to reflection from the glass surfaces. The screen S is remov- 
able, so that it can be reversed or taken out altogether for the purpose 
of testing the screenmg, (seep 170). The whole photometer box 
IS pivoted about its axis by means of two steel bearmgs working m 
a sohd brass semi-rectangular framework, so that it can be com- 
pletely reversed It is also provided with a degree scale, which works 
under a clamp and pomter attached to the framework, so that the 
photometer may be used at any desired angle. The framework has 
at the bottom a short stem which fits into a tubular holder, and is 
thus mounted on a carnage travelling on the photometer bench 
A slight modification, due to H Kruss and shown diagram- 
maticaUy m Fig 83, is the mtroduction of a reflection prism, by 
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Pia 83 — Priam Sratem for Direct- PiQ 84 — ^Binocular Vision Lummer- 
Vision Lummer-Brodhiun Head Brodhuu Head 

means of which the hght is redirected m such a way that the eyepiece 
can be situated either along or parallel to the axis of the photometer 
box. Further, by means of the pnsm system shown m Fig. 84, 
binocular vision of the photometer field may be obtamed (®^) 

The Lummer-Brodhun Photometer (Contrast Type). ^In the 
photometer above described the equahty of brightness of the two 
comparison fields at the position of balance causes the boundary 
between these fields practically to disappear when this setting is 
made, provided the condition (c) set out in the section above be 
fulfilled, and the lights compared be of the same colour Disappear- 
ance of the boundary, however, is not that condition which enables 
the eye to ]udge most accurately of equality between two fields, and 
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for this reason, as already remarked with regard to the third method 
of usmg the Bunsen disc, the contrast photometer, m which equahty 
of contrast is the criterion instead of equality of brightness, possesses 
a greater sensitivity The Lummer-Brodhun cube may be adapted 
for use in this way by altering the form of the surface of contact 
of the two pnsms (®^) The faces of both pnsms are flat, and that of 
the pnsm ABC (see Fig 85) is sand blasted or etched with the 
pattern shown shaded in Fig 86 The result is that when the prisms 




Fig. 86 — The Lummer-Brodhun Fig 86 — ^The Lummer-Brodhun 

Contrast Cub-* Contrast Field 

are pressed together, either with or without balsam, so that the 
smooth parts are m optical contact, the hght passes straight on in 
the region shown unshaded m Fig 86, while the light entermg at 
BD IS totally reflected over the region shown shaded in that figure 
It follows that if the cube be mounted as m Fig 87 the brightness 
of the unshaded region is due to the left-hand side of 8, while the 
brightness of the shaded region is due to the right-hand side of 8 
If thm sheets of glass added as in Fig 85, then owing to 

reflection at the two additional glass surfaces thus introduced, the 
brightness of the trapezoidal patch in Fig 86 will be about 
8 per cent less than that of the background to iSg? while the bnght- 
ness of will similarly be 8 per cent less than that of the background 

to Thus at the position of balance the contrast between 

trapezoid and background will be 8 per cent on both sides of the 
field of view, and this contrast wiU be mcreased on one side and 
dimimshed on the other as the photometer is moved away from the 
position of balance Thus the criterion is equahty of contrast (®^). 
The most suitable degree of contrast for maximum sensitivity has 
been investigated by Lummer and Brodhun (®®), who used, instead 
of the single glass plates 0-^ and two double plates ELM and 
(see Fig 88), which could be rotated through equal angles 
about the vertical axes L and U Smce the transmission of hght 
by a glass plate vanes with the angle of incidence (see p 113), the 
contrast could be vaned, and, indeed, reversed, by altermg the ratio 
between the angles ALM and BLK It was found that the sensitivity 
was a maximum (0 2 per cent.) with a contrast of about 3 to 4 per 
cent , while with a contrast of 8 per cent it was only half as great 
(0 4 per cent ), but the supenor simphcity of the two fixed glass 
plates has led to their general adoption in place of the more comph- 
oated system shown in Fig 88. The correct degree of contrast could 





Fra 89 — Details of the Lummer-Brodhtm Contzast Sead 
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obtained by substituting for the plam glasses 0^, 0^ two 
glasses having an absorption factor of 4 percent (apart from 



^'*"’'*^0^- S7 — The Luramer-Brodhun Fio 88 — The Lummer-Brodhun Cube 

Oontrast Head with Variable CJontraat 


j-X'f a,Go losses) and cementing these to the cube (®®) It has also been 
t*oj5osed to use a field in winch the contrast is graduated, mcreasmg 
'Oixi Tbelow upwards on one side, and 
*oiix atlbove downwards on the other (^'^). [ 

1 x 0 ;position of balance is then found by ' 

:! j xxs-fcing to equahty of contrast at the ^^, 1 ^ - 

tiddlG parts of the two trapezoidal 
Bb-fcclxOS 

Tlxe component parts of the Lum- 
Lesj?-IBrodhun contrast head are shown 
L IFig. 89 

Tlxe Martens Photometer. — ^There are 
^ vorsbl other forms of photometer head 
Ixiolx are used on the bench in the same 
soy aiS the Bunsen or Lummer-Brodhun 
»x*ixx. One of these, designed by F. F 
la-rLoxie (®®), is shown diagrammatically 
L 90 Light from each side of the 

bxot>oxxieter screen passes through a senes 
■ lonses and a Fresnel bipnsm F, so that 
VO ixxxages of each surface are formed 
L “blxo plane of the exit pupil of the eye- 
.e>oo JSl The positions of these images 
'o six own m the diagram, those of sur- 
ce> being % and formed respec- 

Tby hght from the halve3 1 and 2 
-fclxo Tbipnsm Similarly, the images of 

£Li:e> 6 i and and the angle of the 
TDjrisxxx IS so related to the separation of the total reflection 
'isxxxs and to the distance FE that and 63 comcide ; and 
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are stopped by a diaphragm, while an eye placed at E sees 
the two halves 1 and 2 ot F bright by reason of the light from S-^ 
and 8^ respectively. The dividing line, formed by the edge of the 
biprism, can be made very sharp The use of a biprism for photometry 
was first suggested by M. v. Prey and J v. Kjies (®®), and was 
adopted by Konig m his spectrophotometer (see p. 281) The 
arrangement can be adapted to give a contrast field A some- 
what similar arrangement is the Hufner rhomb, shown in Fig 91 

} Two Becuns oF 
Light fronx 
Campar 15011 
Sui'Foccs 

O 

Fig 91 — The Hufner nhomb 




This consists of a glass rhomb ABCD, the angles of which are such 
that two beams of hght, one from each of the surfaces to be com- 
pared, are caused to emerge at A in juxtaposition, the line of 
demarcation bemg the fine edge of the rhomb 

The Joly Block Photometer. — modification of the Bunsen head, 
which is very simple in construction and therefore frequently used 
for work of medium accuracy, consists of 
two equal thin blocks of some translucent 
material (^^), preferably opal glass, separated 
by a thin sheet of silver foil or other opaque 
material, as shown m Fig 92 light 

reaching the outer surfaces of the blocks is 
diffused mtemally, and gives the sides of 
the blocks seen by the eye a certain bnght- 
ness The photometric setting is made by 
obtaining equahty of brightness on both 
sides of the dividing line. Disadvantages 
of this photometer are [a) the absorption of 
hght in the blocks, which makes it unsmt- 
able for comparing sources of low candle- 
power, and (b) the uncertain position of the 
surface from which the lamp distance is to 
be measured In the case of a highly diffus- 
ing medium, this surface is probably very 
close to the outer surface of the block. The 
allowance for screen thickness should, there- 
fore, always be made as described below 
(p. 163) 

Use of the Photometer Bench. — The 

precedmg sections of this chapter have 
been devoted to a description of the photometer bench and its 
accessories, and to an account of the vanous forms of photo- 
meter head which have been designed for use with it The most 
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obvious method of applying the inverse square law to the comparison 
of the candle-powers of two sources is that of placing the sources 
on carnages fixed at any convement positions on the bench, and then 
moving the photometer head to and fro between them until the 
position of balance is found. This simple method is, however, open 
to various objections In the first place, it assumes absolute 
symmetry m the photometer head Equahty of brightness of the 
comparison field results from equality of illumination of the two 
surfaces exposed to the hght from the sources only if these surfaces 
have equal reflection factors, and if the light from them is equally 
treated as regards reflection, transmission, etc , before it reaches the 
eye 

Another objection, of less importance, is the amount of calculation 
necessitated by this method, for if one source be fixed at the zero 
mark on the bench, while the other is at a distance d from it, then, 
if the photometer setting be x, the ratio of the candle-powers is 
{d - xfjx^ 

To overcome the first objection it is usual to employ the substitu- 
tion method, so often used in accurate physical measurement (^®). 
In this a third source, whose candle-power need not be known, is 
used as a comparison lamp on one side of the photometer head, wMe 
the two sources to be compared are placed in turn on the other side 
of the photometer. A photometnc balance with the comparison 
lamp IS made m each case Clearly, if the candle-power of the 
comparison lamp be assumed to be then the required ratio of the 
candle-powers of the other two sources = (Ji/^c)li^ 2 l^c)y 
this IS quite independent of the value of I^y and therefore of any 
symmetry in the photometer head, for this must affect equally both 
of the ratios IJIc and 

The second difficulty is overcome by fixing the distance between 
the photometer and the comparison lamp, so that the brightness 
of one comparison surface is a constant If, then, photometric 
balance be obtained with the photometer head at distances d^ d^i 
dg respectively from a number of other sources in turn, it 
follows that IJdi^ = ^ 2 /^ 2 ^ = — Much calculation is 

therefore avoided when a number of measurements have to be made 
in succession, especially if each of the expressions Ijd^ be made equal 
to some convement figure, say 10-®, with d m millimetres, so that 
In = This method is often described as the ‘‘ fixed 

distance ” method 

There are some cases in which it is impossible or inconvenient to 
adopt the fixed distance method, as, for mstanoe, when workiug 
with flame sources (^) The substitution method must still be 
employed, m order to avoid errors due to asymmetry m the photo- 
meter head (^®), but the sources are fixed and the head is moved 
between them (Pig 93, a) The sub-standard and test lamp are 
placed m turn at the zero of the bench, while the comparison lamp 
IS fixed at a distance d If the positions of balance of the head be 
d^ and dg lamps whose candle-powers are respectively and 

1 It Mows that / 1//2 = - d^y/d^^d - d,y . . 

In most cases, however, it is possible to fix the photometer head 
either with respect to the companson lamp or m relation to the test 
lamp and sub-standard. The latter ajrangement* is by far the more 
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convenient when the candle-power distnbution of a source is being 
measured by means of mirror apparatus, or when the source is 
enclosed in an mtegrating sphere (see Chapter VII ) The carriage 
holding the photometer head is then clamped at the zero of the bench 
(Fig. 93, 6), and the comparison lamp is moved by means of the cord 
and pulley arrangement previously described (Z in Fig 75) By 
this method where d^ and d^ are respectively the 

positions of the comparison lamp when sources of candle-powers 
and 1 2 are in the test lamp position. 

For simphcity in calculation the method first descnbed, viz,, that 


SubsbcuicLarcL ^ > Coiiipartsoa 



O d 

FIx€cL Vhobotmter TTlcwcibte Comp Lamp 



0 of 

(cP Fixed Distance TTlouaHc T^hotometEr 



1 ■ I 


Fixed Distance Fixed Photometer 
Fig 93 — Methods of Bench Photometryj 

in which the photometer is fixed with respect to the companson 
lamp, IS much to be preferred. Either of two methods may be used, 
according to circumstances When the zero of the bench is near its 
left-hand extremity, the carnages bearing the photometer head and 
the comparison lamp are clamped together by means of a stout bar 
so that they move together as a single umt (Fig 93, c). The sub- 
standard and the test lamp are placed at the zero of the bench, and 
the fixed distance between the photometer head and comparison 
lamp is so adjusted by means of the bar that Isjd^^ = 10-®, d^ being 
the position of balance of the photometer head for a sub -standard 
of candle-power Tg For approximate work a “ squared ’’ scale 
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(see p. 148) may be used The photometer is fixed at the mark Ig 
on this scale and the comparison lamp is moved until a balance 
is obtamed m the photometer head The comparison lamp is then 
clamped to the photometer at this distance and a test lamp is 
substituted for the sub-standard. The position to which the photo- 
meter has then to be moved m order to restore the balance m the 
head, gives I>p at once on the “ squared ’’ scale The disadvantages 
of this arrangement are (i ) the observer has to move his head to and 
fro with the photometer in makmg a settmg, and (u ) the umt to be 
moved is heavy, smce it consists of two carriages and the connectmg 
bar 

These disadvantages may be avoided by fixmg the photometer 
and the comparison lamp to the bench and movmg the sub-standard 
or test lamp To avoid comphcating the calculations, it is desirable 
to have the zero mark at or near the centre of the bench and to scale 
in both directions from this zero (Eig 93, d) The disadvantage of 
this method is that the centre zero implies the waste of a considerable 
part of the bench length when any lUuimnation higher than normal 
has to be used at the photometer head, as, for instance, in measurmg 
sources of high candle-power, when the use of a sector disc or absorb- 
ing medium is not desirable. The various bench methods just 
described are shown diagrammatically in Fig 93 

It is usually found that the method m which the photometer 
head and companson lamp are moved together is the most generally 
useful The necessity for moving the observer’s head is not found 
to cause any noticeable inconvemence The movement, m any case, 
IS a shght one The weight to be moved may be reduced by using 
aluminium in place of brass wherever possible in the construction 
of the carriages and photometer head This method will, therefore, 
be described in detail, and the modifications necessary if either of 
the other methods be employed can easily be inferred First, 
however, two sources of error common to all methods of bench 
photometry must be considered 

Separation of Photometric Comparison Surfaces : Thickness of 
Photometer Screen. — ^It will be seen that as long as the substitution 
method is employed, symmetry of the photometer head, never com- 
pletely attainable in practice, need not even be aimed at The 
assumption is made, however, that the vertical plane of each com- 
parison surface m the head passes through the fiducial mark on the 
photometer carnage This condition is frequently not fulfilled For 
example, m the case of the ordinary Lummer-Brodhun head the 
plaster screen is 4 mm thick, so that each companson surface is 
2 mm nght or left of the carnage mark It follows that with this 
instrument the actual distance between each source and the surface 
of the screen which it illuminates is {d — 2) mm when the distance 
between the source and the centre of the photometer as measured on 
the bench is d mm Hence the true illumination is ^ = //(d — 2)^, 

If the left-hand comparison surface be ti mm to the left of the 
fiducial mark, while the nght-hand surface is U mm to the nght of 
this mark, the allowance for screen thickness ” may be made as 
follows, accordmg to the method of working chosen — 

(a) Vanable Distance Method — ^The sub-standard or test lamp 
is placed U mm. to the left of the bench zero, while the companson 
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lamp is placed at the position [d + tr), although the value d is used 
in the calculations. 

(h) Gomparison Lamp alone Moved — ^The photometer head is 
placed with its fiducial mark U mm to the left of the bench zero 
If any calculations be based on the distance between the sub- 
standard (or test lamp) and the photometer, the distance {ti + tr) mm 
must be subtracted m each case 

(c) Photometer and Gomparison Lamp moved together — ^The sub- 
standard or test lamp is placed mm. to the left of the bench zero. 
The effective distance between the comparison lamp and the photo- 
meter is tr mm. less than the fixed distance as read on the bench, 
but this distance usually does not enter mto the calculations 

(d) Gentre Zero — ^The photometer head is placed ti mm to the 
right of the bench zero, assuming that the comparison lamp is on the 
right The effective distance of the companson lamp from the 
photometer is [tr + tj) mm less than the distance as read on the 
bench. 

The magnitude of the error involved in the neglect of this correc- 
tion clearly mcreases as the ratio IsJLj, departs from umty ; for, 
taking the fixed distance method as an example, the illumination 
due to the sub-standard is Isli^s — ti)^, and this is equal to the 
illumination due to the test lamp iTlidr “ UY 

The true value of ItIIs is (dy -- tiYj[d^ — UY, and this equals 
[dTidsYU- + 2ii(l/ds — l/dy)] approximately Since the value of 
the expression enclosed within the square brackets does not differ 
from 1 by more than 0 1 per cent so long as 2ti[dg — di^ jd^dT < Kh® 
numerically, it follows that if, when dg and d^ are of the order of 
1,600 mm , the difference between them does not exceed about 
600 mm , ^ e , the ratio between the two candle-powers is not greater 
than 2, then the correction need not be made so long as ti does not 
much exceed 2 mm , ^ e , m the case of the Lummer-Brodhun head 
In some other photometer heads, however, ti is much in excess of 
this value (^^), so that the correction for screen thickness is always 
necessary in such cases The extra work involved in making it is, 
moreover, so small that there is no justification for neglecting it 
in work having any pretensions whatever to accuracy. 

Importance ol Exact Positioning of the Photometer Head. — 
Owing to the fact that no surface is perfectly diffusing, there is a 
source of error m all the ordmarily used forms of photometer head, 
if proper care be not taken to ensure that the companson surfaces 
are perpendicular to the mcident hght. Fig 94, which is exaggerated 
for the sake of clearness, shows the effect of twistmg the photometer 
head through a small angle. The hght which reaches the eye from 
the left-hand side of the disc S leaves the surface of the disc m the 
direction SA, while that from the other surface leaves it m the 
direction SB. It follows that, if the surface be not perfectly diffusing, 
the reflection factor will be different in the two coses (see pp 114, 
343), and m the case of most surfaces, when both sides of S are 
equally lUummated, the nght-hand side will appear the brighter m 
the photometer. This effect may amount to as much as 0 4 per cent 
for an angle of twist of 2° in the case of a plaster screen Although 
this error is avoided in the substitution method of photometry if 
the twist of the head be not altered between the readings on the 
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different lamps, it is clearly desirable to remove all 
error from this cause by adjusting the screen to be exactly 
dicular to the bench, axis and 
then clamping the registering 
collar on the pillar attached to 
the photometer framework The 
adjustment may be made quite 
accurately by placing a small 
piece of mirror on the top of 
the photometer so that it is 
exactly in the plane of the 
screen 8 The image, in this 
mirror, of the lamp L will be 
m line with the lamp itself 
when viewed from a point on 
the axis of the bench, d 8 he 
properly adjusted. A slight ver- 
tical tilt of the head is clearly 
less important, owing to the fact 
that the plane of SA and 8B 
IS perpendicular to the plane 
oi8 

Procedure in making Measure- 
ments on the Bench, using the 

Substitution Method and a Fixed Distance between the Photometer 
and the Comparison Lamp. — ^In the foUowmg detailed description of 
the method used in measurmg candle-powers by the fixed distiiiicjo 
method, the source to be measured will be referred to as the “ tont 
lamp ’’ (candle-power /y), while the lamps used as the basis of tho 
measurement will be termed “ sub-standards Each such huI)- 
standard will be assumed to be an electric lamp of the type illustratt^c I 
in Fig 71, p 138, and its candle-power, as determined by oomparinoii 
with a standard at one of the national standardising laboratoric*s, 
will be taken as 1^^ For the sake of oonvemence in description, it 
will be assumed that the test source is also an electric lamp, and 
that it is to be measured in a single direction. The modifications 
m procedure necessary m the testing of other sources will be indicatct I 
later in this section. The photometer head used will be assumed U> 
be the Lummer-Brodhun contrast head, with a screen 4 mm thicli. 

The test may be divided into four parts, as follows — 

(i ) A comparison lamp Lc is placed m the carnage on the 
of the photometer This lamp is preferably of the same type as the 
sub-standard, but it may be of any convement type so long as its 
position can be mamtained quite rigidly in the carriage mounting 
and there is no possibihty of even shght changes of candle-powm* 
over a burning penod of a few hours The electncal connections 
may be as descnbed m Chapter XVI The function of this lamp is to 
mamtain a constant lUummation of the comparison surface on the 
nght-hand side of the photometer head 

(u ) A sub-standard Lg is placed m the carnage on the left of the^ 
photometer head, and its leads are connected as shown on p. 440. 
The mean plane of the filaments is adjusted to be accurately over a 
hne 2 mm. to the left of the zero mark of the bench (^®) Por the 
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purpose of this adjustment it is convenient to have a plumb line 
hangmg at a short distance in front of the zero mark, as shown in 
Fig 96 The suspension of this plumb line should be capable of a 

small movement in the direction of 
the bench axis When the carnage 
is placed with its fiducial mark 2 mm 
left of the zero of the bench, the 
plumb line may be adjusted by sight 
so that it hes in the plane passing 
through this — 2 mm mark and the 
axis of the carriage piUar The lamp 
filaments should then 'be also m this 
plane If they are not, the carnage 
must be moved until, with the eye 
placed so that the plumb hne still 
covers the —2 mm. mark on the 
bench, the filaments are seen to be 
directly behind the hne. Durmg this 
adjustment a low potential should 
be apphed to the lamp terminals so 
that the filament is just glowing, 
although not sufficiently to dazzle the 
eye and prevent clear vision of the 
plumb line and the bench scale 
When the position of the lamp has 
been correctly fixed, the carriage is 
firmly clamped to the photometer 
bench. 

(lii ) ^ The lamps Lg and are 
now switched on, at first with their 
I adjusting resistances fully in, so that 

I — — I Mark oa TabLt. there IS no chance of even a momen- 

1 tary excess of potential above that 

at which these lamps are to run, 
especially in the case of the sub- 
standard. The potentials on the 
lamps are then graduaUy raised to their correct values, and the 
photometer carnage is clamped at the position on the bench given 
by the relation supposing that 10 metre-candles is 

bemg taken as the workmg illumination The distance dn between 
the photometer carnage and the comparison lamp carriage is then 
adjusted so that as good a balance as possible is obtamed m the 
photometer, and these carriages are then clamped together by means 
of the brass bar previously referred to. The distance dn is noted and 
the photometer carnage is then undamped from the bench * 

A senes of photometric settmgs is now made with the lamos 
CMefiilly mamtamed at a constant potential Supposmg two 
observers to be wor^g together, each one m turn makei five or ten 
settmgs without lookmg at the readings he obtains, while the other 
observer notes down these readings to the nearest half miUunetre 

moving relatively to each other dnrmg euteequ^t^A “ Posetbihly of their 


lii 


Plumb 

Bob 


I MarkoaTabU. 

■ Sujijiorbiig Bejiek. 

Fig 96 — ^Arrangement for setting 
Lamps on the Bench Zero. 
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and watches the instruments which indicate the potentials (or 
currents) on the comparison lamp and the sub-standard circuits. 
It is to be noticed that the observer does not see his own readings 
until after the completion of the set, so that he cannot be un- 
consciously biassed m either direction The mean reading for 
observer A may be denoted by and that for observer B by Bds- 
It will generally be found that these mean distances are not exactly 
eq[ual to each other or to VlO® x Is, which may be denoted by dg- 
The usual procedure is to find the alteration which would be necessary 
in do in order to bnng these quantities into agreement. Smce 
IsIa^s^ = Icl^c^, it follows that Igldg^ = Ijd^c + inhere x = 
(dcUdsddg — 2 ds), so that, smce ^dg is nearly equal to dg, the 
“ correction ” for A is dcidg — Adg)ldg, and sinularly that for B is 
dc[dg Bds)ldg 

Several more sub-standards, L^, Lg, L^, etc , are now inserted in 
turn m place of Lg and the different corrections to do found by A 
and B are tabulated as follows ■ — 


Date 


Comp lamp No 

at 

volts. 



do — 

1,739-q mm. 



server 

Sub standard 

dg (true) 

dg (observed) 

(3) -(4) 

(daldg) X (6) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


Ls 

1,364-8 

1,362 e 

+ 1-7 

+ 2-2 

A 

L. 

1,326 4 

1,326-8 

+ 08 

-j- 0 2 


Lz 

1,368 0 

1,369 0 

-lo 

- 1 3 


L, 

1,369 8 

1,357 7 

+ Ib 

+ 19 




Mean correction for A 

-1-0 7 


Lg 

1,364 3 

1,364 8 

-Os 

- 0 6 

B 

Lz 

1,326 4 

1,332 0 

“ ^ 6 

- 7 3 


Lz 

1,368 3 

1,361 e 

“ 3 6 

- 48 


L, 

1,369 2 

1,369 4 

-0-8 

- 02 




Mean correction for B 

- 3-2 


The figures in the extreme nght-hand column should show about 
the same degree of consistency for each observer as that shown m 
the above example If they do not, more sub-standards should be 
taken. If the mconsistencies are too large to be accounted for by 
personal errors, defects in the comparison lamp or m the electrical 
circuits should be looked for. 

The correction to the fixed distance dp is generally made according 
to the resits obtained by one observer Subsequent measurements 
of test lamps made by this observer {A, say) with this corrected 
fixed distance do not then require any correction The results 
obtamed by B require correcting, however, to bring them to the 
values which that observer would have obtained if his value had 
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been adopted for the fixed distance The amount of this correction 
IS clearly xdjdQ, where x is the difiEerence between the fixed distance 
actually used and the fixed distance found by B, i.e., x = {gda — dg). 
In the example given above x = — 3 9 mm with dg reset to suit A. 

(iv ) Test lamps may now be put m the position formerly occupied 
by the sub-standards, each being lined up so that its “ photometric 
centre of symmetry ” (i.e , the centre line of the hght-giving system) 
is m the plane perpendicular to the axis of the bench and passes 
through the — 2 mm. mark on the scale. Photometric measurements 
are then made on each lamp by both observers as before. After 
the correction to the distances found by B has been made as described 
at the end of the last paragraph (®®), the mean of the results of both 
observers is found for any one test lamp, and the candle-power It 
found by squaring this distance (m mm ) and dividing by 10®. A 
convement method of booking the readings is shown in the f ollowmg 
scheme — 


Date 


Comp, lamp No 

at 

volts 

Test Lamp 

Observer 

Fixed distance, 1,739 7 mm. 

1 df (observed) df (corrected) Mean 

Ir 

(I) 

(2) 

(3) 

(4) 

(5) 

(6) 


A 

B 

1,493 a 
1,496-e 

1,493 2 1 
1,492-a * J 

1,492 7 

22-28 

T, 

A 

B 

832-7 
834 5 

832-7 ) 

833 a 1 

833 0 

6-94 


* 1,492-2 = 1.495 e - (dj,/dc) X 3 9 

For approximate work one observer is often considered to be 
sufficient. In this case the fixed distance is set to suit this observer, 
and no correction is necessary The candle-powers of the test lamps 
are found, either by direct reading on a “ squared ” or candle-power 
scale, or by squanng the reading on an ordinary millimetre scale. 

In the above description of photometnc procedure it has been 
assumed that what is required is the candle-power of a lamp at a 
given potential or current. Sometimes it is required to determme 
the potential or current at which a lamp has a given candle-power It 
This IS obtained by fixmg the test lamp at the — 2 mm. mark, and 
the photometer head at the pomt dr (= VIt X 10®) The electncal 
condition are then adjusted to give a fairly close photometnc 
balance in the photometer head Two sets of candle-power measure- 
ments are made m the ordmary manner, with the test lamps at 
potentials respectively about one-half of 1 per cent above and 
below the potential thus obtained. These measurements enable the 
correct value of potential or current at the specified candle-power 
to be obtained at once by interpolation (see Appendix X ). For 
approximate work it is sometimes sufficient to set the photometer 
head at the distance which corresponds with the definite candle- 
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power, and to obtain the photometric balance by altering the 
potential on the test lamp. This is done by means of a resistance 
mserted in the test lamp circuit, and placed so as to be conveniently 
under the control of the observer at the photometer head (®^). 

When the source to be measured is not electrical, the photometnc 
procedure is exactly the same for operations (i ), (u.) and (iii.). 
For (iv ) the hmng-up of the test lamp is also similar, but the control 
conditions necessarily depend on the particular nature of the source. 
In the case of a gas flame, mantle, or similar source, the pressure 
of the gas must be controlled by some form of regulator (®2). The 
rate of consumption must be adjusted to the scheduled value, or to 
the value at which the maximum candle-power is obtamed. This 
rate should be measured while the photometnc measurements are 
m progress Adjustment of the air iidet may also be required. No 
photometnc measurement should be made until the lamp has been 
burmng for at least thirty minutes, and a flnal shght adjustment 
of the gas and air inlets may be required at the end of this period 
before the observations are begun. Other factors which affect the 
candle-power of gas lamps are the calonfic value of the gas used 
and, to a less extent, the humidity and pressure of the surrounding 
atmosphere (®^). The centre plane of a flat flame, and the axis of a 
gas mantle, are usually adopted for lining-up over the zero mark 
of the bench It should, however, be remembered that a gas mantle 
is very opaque to the light emitted from the opposite side of the 
mantle, so that the true photometnc centre is at a distance of about 
r^/zj2 from the centre towards the photometer head, i£ the mantle 
be assumed to be a cyMndncal, perfectly opaque and diffuse radiator 
of radius r The same remark does not apply to a flame which is 
usually so transparent that the mean plane of a duplex flame may be 
taken as the plane midway between the two mdividual flames 

When a candle-power measurement is made in a single direction, 
unless this direction is specified beforehand (as, for example, by the 
position of the leading-m wires m an electnc lamp), it is usual to 
choose a direction m which the illumination is even and as free as 
possible from bright or dark hues or spots A piece of white paper 
placed m front of the photometer head will generally show consider- 
able unevenness of lUummation in the case of an ordinary commercial 
electnc lamp, for mstance. As the lamp is rotated m the carnage 
pillar light and dark vertical hnes will be seen to move across the 
paper owing to images of the filaments m the bulb and shght lens 
effects due to vertical stnations in the walls of the bulb IE these 
be included in the field covered by the photometer head the candle- 
power may be found very sensitive to exact positioning of the lamp 

To define the direction of candle-power measurement it is 
generally sufficient m approximate work to mark an arrow on the 
lamp cap on the side of the lamp facing the photometer. For more 
accurate work the procedure described in connection with the 
preparation of sub-standards (see p 139) may be followed. 

Measurement of Sub-standards. — ^The process by which the candle- 
power value is assigned to a sub-standard at a standardismg labora- 
tory is very similar to that descnbed above. This sub-standard 
now becomes the test lamp,” while the standardismg laboratory’s 
master sub-standards are used for the comparison. The o^y 
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important difference is, in fact, the number of measurements made 
on each lamp, the final value assigned to it being the mean of the 
values obtained on at least three separate occasions by two or more 
observers The master sub -standards used at the standardising 
laboratory are compared in a similar manner with the international 
standards, a large number of observers makmg measurements on 
many separate occasions, so that their mean values are probably 
correct to at least 0*1 per cent. 

For approximate work in laboratories where the amount of 
photometric work done is considerable, as, for example, m a lamp 
factory, it is usual for a number of lamps to be compared at the 
laboratory with sub-standards obtamed from a standardising 
laboratory Such lamps then become working sub-standards, 
and, if compared at frequent intervals with the real sub-stan- 
dards, they may be used until they fracture or develop some other 
defect 


When a sub-standard is measured, the current taken by it at the 
standard potential is usually measured by means of a potentiometer 
and standard resistance (see p 438). This current value will then 
serve as a check on the constancy of the lamp m subsequent work. 
The correction to be applied to the measured current when the 
potentiometer is in the sub-standard circuit (p 439) should be noted. 
It IS quite satisfactory to use under-run tungsten :^ament lamps for 
the measurement of carbon lamps, provided the candle-power at the 
under-run rung voltage be sufficient to give the necessary illumination 
at the photometer head (®®). 

Screening. — very important precaution to be observed in all 
photometry is that of preventing stray hght from reaching the 

photometer screen (®®) Stray light 



may be regarded as any hght which 
reaches the photometer otherwise than 
directly from the source being measured 
It may be due either to the other 
sources of hght in the room or, more 
frequently, to reflections, by objects 
near the bench, of light from either of 
the lamps being compared 

There are several methods of avoid- 
ing stray hght, though all depend on 
the same prmciple, mz , the mterposi- 
tion of opaque black screens which 



Pig 96 — Porm of Screen fox 
Use on the Photometer Bench. 


holdmg the photometer. 


completely shield the photometer except 
in the direction of the lamp. These 
screens may be of the general form 
shown in Fig. 96, with apertures of 
various sizes They are supported at 
intervals along a hght aluminium 
tube which is clamped to the carnage 
The distances between the screens are 


adjusted in relation to the sizes of the apertures, as shown 
diagrammatically in Fig 97, so that no hght can reach the photo- 
meter except from the region AB The lamp is situated m the centre 
of this region, and some 60 cm behind it is placed a large screen 
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covered with clean black velvet,* so that in effect the photometer 
and lamp are enclosed m a light-tight box. Sometimes, as an 
additional precaution, black curtains are hung along the bench on 
either side to prevent too much hght from reaching the screens, and 





Fig 97 — ^Arrangement of Screens on the Bench 


SO finding its way by refiection to the photometer, for the reflection 
factor of even a matt-black pamt may be from 3 to 5 per cent. 

In a shghtly different method of screening a hght-tight box is 
actually used. Two rectangular frameworks, one near the photo- 
meter, and the other near the lamp, are cojmected by a square tube 
of black matenal which, bemg pleated like an accordion bellows, 
elongates or contracts as the photometer moves away from or towards 
the lamp Here, again, a black velvet screen is placed at a sufficient 
distance behind each lamp. 

In order to test the effectiveness of the screening arrangements, 
the photometer disc should be removed and each lamp looked at 
from the window on the opposite side of the photometer. Nfothmg 
should be visible m any direction except the lamp itself , the 
remamder of the field of view should be completely occupied by black 
surfaces. 

Sometimes trouble is experienced from hght reflected by the 
pohshed metal bars of the photometer bench itself In the direction 
of specular reflection this hght, unless completely stopped by the 
screens, may cause a considerable error m the photometric measure- 
ments. It can be avoided completely by covering the bars with a 
piece of black velvet at the region half-way between the lamp and 
the photometer. 

Too much emphasis cannot be placed on the importance of 
adequate screening m accurate photometry It is no exaggeration 
to say that halt the mconsistencies in the photometric measurements 
made m an ordmary laboratory are due to imperfect screening. 

Transportable Photometers. — ^Many different types of so-called 
“ portable ’’ photometers have been designed for use outside the 
laboratory or testing room These consist, generally, of a short 
bench of simplified form m the centre of which is fixed a photometer 

* It should be noted that velvet readily oolleots dust and may, when sufficiently 
coated, refect an appreciable amount of light. 
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head A sub-standard is used on one side, and the lamp under test 
is moved along the bench on the other side of the photometer 

The accuracy of instruments of this kind is not great, and for 
most purposes for which a portable photometer is required it is 
preferable to abandon the bench altogether and use one of the 
illumination photometers described m Chapter XII The test 
surface of the photometer is placed at one end of a blackened tube, 
and the test lamp at a certam fixed distance d from it. If ^ be the 
illumination measured by means of the photometer, I — d^E 

The Weber Photometer. — very convement form of portable 
photometer in which the inverse square law is employed without 
the use of a bench is that first designed by L. Weber m 1883 (®®), 
and subsequently modified by the introduction of a Lummer- 
Brodhun cube, and still later by the substitution of an electric lamp 
for the benzme comparison lamp originally used. This photometer, 
smce the scale employed for the distance measurement is short 
compared with that of a photometer bench, is most useful for work 
of moderate accuracy and in places where a bench is not available. 
As now constructed by Messrs Franz Schmidt and Haensch, it is 
shown in sectional elevation in Eig 98 is a stout wide 



Fia 98 — The Weber Photometer 


horizontal tube along which moves an opal glass plate Mg This 
is illuminated by a small electric glow lamp contained in a square 
box at the end of T 2 - The distance of Mg from this lamp is measured 
by means of a pointer movmg over a scale 8 The current through 
L 2 is mamtamed constant by means of an external rheostat and 
battery At the other end of the instrument is a smaller tube 
containing a second opal glass plate fixed in position is 
illuminated by the lamp (not shown) which is to be measured. 
The brightnesses of and Mg are compared by means of the mirror 
system and the Lummer-Brodhun cube C The photometnc balance 
is obtained by adjustment of the position of Mg, and if the distance 
of Mg from ig be dg when a balance is obtaiued, while the constant 
distance between and M^ is then IJdj^ = Kl^jd^, where k is 
a constant of the instrument kI^ is found by stamdardismg with 
sub-standards m the usual way ; in fact, it plays the same part as 
the candle-power of the companson lamp m the substitution method 
of photometry. For increasmg the range of the photometer, absorb- 
ing glasses are introduced in front of M^ to increase the value of k 
(see p. 182). 

Polarisation Photometers. — ^In certain problems of photometry, 
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notably the comparison of the candle-power of two sources in homo- 
geneous hght (spectrophotometry, see Chapter IX ), it is not 
generally practicable to vary the distance between the source and 
the photometer head, so that the inverse square law cannot be 
apphed For such problems recourse is had to one of the other laws 
governing the bnghtness of a surface illuminated by a source, 
notably the squared tangent law of polarisation, referred to in 
Chapter II. (p 30) 

The principle of a polarisation photometer is, briefly, the produc- 
tion of contiguous (or, occasionally, superposed) images of the two 
comparison surfaces by means of an optical tram which includes a 
device for plane polarising the hght which forms one or both of these 
images. The polansmg device may consist of a pile of glass plates 
upon which the hght is incident at or near the 


polarising angle (see p 113), or, more con- a h 
vemently, it may consist of a doubly-refractmg "F 
pnsm, such as a Nicol or Wollaston (see p. 29) (®®) 1\ 

If the beams of hght forming the two images be I \ 
polarised in mutually perpendicular planes, then I \ 
the interposition of a second, or analysing, Nicol I \ 
pnsm reduces the mtensity of one image by the | \ 

factor cos^ 6, and that of the other image by the / \ 

factor sm^ 6, where 6 is the angle between the optic I \ 
axis of the Nicol pnsm and the plane of polarisation / \ 

of the hght forming the first image (see p. 29) / \ 

If, therefore, the analysmg Nicol be capable I \ 

of rotation and photometric balance be obtamed 
at the angle 0, it follows that the ratio between \ 
the brightnesses of the two images, supposmg no \ 

Nicol mterposed, would be tan^ Q ! \ 

The Martens Polarisation Photometer, — The 
methods of producmg the two contiguous images / 

with the finest possible dividing line are different \ \ / 

in the various polarisation photometers that have \ \ / / 

been designed from time to time. In the Martens \ \ / 

polarisation photometer (®^) a Fresnel biprism is \ V / 

used, as in the ordinary form of Martens photo- \ A 
meter already descnbed (see p 159) The polarisa- \/ \ / 

tion instrument is shown diagram matically in / V 

Fig 99 Here a and 6 are the two comparison / \ \ 

surfaces The hght from a passes through a piano- ^ / \ 

convex lens 0-^ mto a Wollaston pnsm W Here j \ \ 

it is spht up mto two beams, one, shown by the / V \ 
full line, being polarised m the plane of the paper, / A \ 
while the other, shown by the broken line, is / m ^ \ 

polarised m a plane perpendicular to this. Each ^ 

of these two beams passes through the bipnsm F Fig 99 —The Mar- 
aud, m consequence, is again spht mto two parts, Polarisation 

SO that the hght from a is now divided mto four (general pnn- 
beams which, on passing through a suitable lens cipie) 
system, form four separate images of a m the 
plane of the entrance pupil of the eyepiece. Of these four images 
two, mz,, and ag, are polarised in the plane of the paper, while 


Fig 99 — ^The Mar- 
tens Polarisation 
Photometer 
(general p r i n - 
ciple) 
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the other two, a\ and a\^ are polarised in the perpendicular plane 
The hght from 6 is treated similarly, and the angle of the biprism 
is designed in relation to the relative positions of object and image, 
and to the separation of a and 6, so that a\ and comcide at the 
eye, while the remaining six images are stopped by a diaphragm 
It follows that one half of the biprism F appears bright due to the 
light from a, which is polarised in the plane of the paper, while the 
other half appears bright due to hght from 6, which is polansed m a 
perpendicular plane. The mterppsition of a Nicol pnsm in a 





Fig 100. — The Maiirtene Polarisation Photometer 


holder capable of rotation about the axis of the instrument therefore 
gives the complete photometer, which m its actual form is shown m 
Fig 100 

is a hollow tube, open at one end and closed at the other with 
a small cap holding a white plaster screen S This tube is capable 
of rotation about the horizontal axis of the instrument ZZ\ while 
the instrument itself is moimted on a vertical pillar capable of 
rotation in azimuth, so that the tube T can be moved to such a 
position that the light from the lamp to be measured, passes 
along the tube and is moident normally at S The light from 8 is 
deflected by the totally reflectmg prisms P and Q, and a lens cemented 
to P forms an image of S at a position a, which is close to the second 
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surface of Q The comparison lamp used for the measurements, 

IS placed at one end of a horizontal tube T\ and illuminates a small 
sheet of translucent opal glass 6. The image a and the surface 6 
form the two comparison surfaces, and the remainder of the mstru- 
ment is seen to be arranged as just described Now the brightness 
Ba of image a\ is proportional to the illumination of 8 {Eg^ say), 
while that of is a constant, so that if 0 be the angle on the 

scale of the Nicol pnsm, Eg = k tan^ 0, where /c is a constant of the 
instrument, k is obtained by cahbration with a sub-standard of 
candle-power I placed at a distance d from 8. If, then, oc be the 
value of 0 with this arrangement, Ijd^ = k tan^ a, so that k = 
I cot^ ocjdK 

A modification of the Weber photometer (see p. 172) has been 
designed (®^) m which two Nicol prisms, crossed at a measurable 
angle, are employed instead of the movement of the plate 

Smce the polarisation photometer makes use of the squared 
tangent law, it follows that the scale of the instrument becomes very 
inaccurate when the ratio of bnghtness of the comparison surfaces 
BajBt IS far removed from umty, for d(tan^ 0)/tan2 6 dd 4 cosec 29, 
which becomes mfimte when 0 = 0° or 90°, and has its Tmmmum 
value when 6 = 46° {BJBb = 1) The angular movement for a 
given contrast is reduced to one-half of its maxunum value when 
BajBb IS equal to about 15 The^ maximum absolute accuracy is 
1 per cent for a movement of O-l mm. on an angular scale of 80 mm 
diameter, so that it is clear that the accuracy attainable with this 
form of photometer, using a scale of practicable dimensions, does 
not approach that obtamable with a photometer bench of even 
3 metres total length. Further, the instrument possesses the two 
errors common to all apparatus involvmg accurate measurement of 
angular rotation, v^z.i {a) error of centering of the Nicol prism m 
relation to the axis of rotation, and (6) zero error due to lack of exact 
coincidence of the optic axis with the plane of polarisation of the 
ordinary ray transmitted by the Wollaston pnsm when 0 = 0, 
The first error is overcome by taking readings on the scale m opposite 
quadrants The second error is eliminated by taking as the true 
value of 0 the mean of the angles measured on each side of the zero 
hne 

It is clear that m this form of photometer the light from the 
comparison surfaces must be quite free from polarisation (®®). Since 
specular reflection produces polarisation, it follows that the com- 
parison surfaces must be as matt as possible, and the direction of 
specular reflection must be carefully avoided 

The Martens photometer may be used for deterTm’mng the plane 
of polarisation of partially polarised hght as well as the ratio between 
the mtensities of the polarised and unpolarised parts The tube 
IS removed from the rest of the mstrument and closed at the end 
by a diaphragm with a smgle hole admitting unpolansed hght from 
an extenor surface The balance point of the analyser N is found, 
and it is clamped in this position The tube m then directed 
towards the surface givmg partially polansed hght, and is rotated 
as a whole to find the four positions of photometric balance The 
plane of polansation of the hght bisects the angle between the lines 
joining the pairs of mutually opposite positions found, and the 
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correct bisector is determined by the dmeotion in which the photo- 
metric balance is disturbed as the tube is slightly rotated from the 
balance point. 

The tube is then placed at an angle of 46° with the plane of 
polarisation thus found, and the Nicol N is undamped and rotated 
until a balance is obtained, at an angle a, say The percentage of 
polarised light is then 100 sm 2a. For the unpolarised part of the 
hght U can be resolved into two components, each of magnitude 
and polarised respectively in and perpendicular to the plane 
of polarisation of the polarised part P. Smce the analyser makes 
an angle (46° + a) with the plane of polarisation of P, at the position 
of balance 

{\TJ P)/J U == tan^ (45 -|- a), 
whence P/(?7 + P) = sin 2a. 

Photometers depending upon Talbot’s Law. — ^By Talbot’s law 
(see p. 68), if a disc with an aperture in it, such as that shown in 
Fig. 101, be set rotating between a lamp and a photometer head so 
that the Light from the lamp only reaches the photometer for a 
certain traction of the whole time, and if the rotation be so fast that 

all sense of flicker is lost when the 
eye looks into the photometer, the 
effective candle-power of the lamp 
is reduced in ratio of the time of 
exposure to the total time (®^), i.e , 
if the aperture in the disc has the 
form of a sector of an^e ?^°, the 
effective candle-power is 7(7i/360). 
It was long thought that Talbot’s 
law did not apply when n was 
small (®®), but it is probable that 
the deviations found were due to 
small inaccuracies in the measure- 
ment of n (which naturally became 
more important as n was reduced), 
Fia 101.— The Simple Sector Diso smce Hyde, in a very careful series 

of measurements (®®), found that the 
deviations lay within the limits of experimental error (0 3 per cent.) 
for values of as low as 10°. 

The older forms of sector disc had fixed openings (®'^), but in later 
instruments the angle of opemng could be adjusted while the disc 
was in rotation (®®) 

The Napoli-Abney form {l.c, note (®®) ) is illustrated m Fig. 102 
The shaft H carries near one end a grooved pulley, which may be 
^ven at any desired speed by an electric motor. At the other end 
is a disc A, of which two (or sometimes three) equal sectors have been 
removed, except by the shaft and the rim A second, exactly 
similar, d^c is placed behind this one, and is rigidly attached to a 
sleeve which shdes on the shaft. Fixed to this sleeve is a pin, which 
engages m a spiral groove cut in the shaft so that the longitudinal 
position of the sleeve along the axis of the shaft controls the relative 
positions of the two discs. The width of the sector openings is thus 
capable of control by means ot a wheel W attached to the sleeve 
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and acted upon by a groove in a lever L, which moves over a divided 
scale 8. 

The form of sector disc with variable opening may be used as an 
approximate form of photometer, the vanation of angular opening 



I^a. 102. — ^The Napoh-Abney Sector Disc 


being employed instead of distance vanation in order to control the 
illumination at the photometer head It is, however, very difficult 
to obtam a sufficiently slow change of aperture for accurate work, 
and, even supposmg this done and aU “ lost motion ” eliminated, 
the angle must be determined to a fifth of a degree (with an opening 
ratio of one-tenth) m order that an accuracy of 1 per cent, may be 
obtained. Further, the rotation of the disc has to be stopped for 
every reading unless some stroboscopic method be employed for 
viewing the scale on the disc while the latter is m rotation For this 
pui^pose a neon tube may be used for iliummating the scale, the 
current through the tube bemg made intermittently by means of 
a contact on the shaft or on the periphery of the disc (®®). Alterna- 
tively, the method of illumination shown diagrammatically m 
Fig. 103 may be adopted ('^®) A narrow sht 8 is cut m the sector 
disc about | mch above 


the fiducial mark K, 

8 IS mtermittently dlu- 
minated as it passes in ^ 
front of a fix:ed lamp L, 




and an accurately-fo- 


cussed image of it is pjQ 1 Q 3 — intermittent Illuniination of the Kotating 


formed by means of Sector Disc 

the concave mirror M 

on the mark K and the neighbouring parts of the graduated scale. 
These illuminated parts are viewed by the eye at JS through the 
lens jL', and when the sector is m rotation this scale appears qmte 


p 
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stationary if aS be sufficiently narrow. Another form of disc has been 
described in which the angle of opening is measured electrically 
A different form of apparatus, designed for use as a photometer,. 
IS that in which the sector disc remains stationary while the light 
from the lamp is caused to rotate by means of the double total- 
reflection prism arrangement shown in Eig 104 This pnsm 

system is mounted on 
s a double disc which 

rotates about the axis 
of the stationary sector 
disc 8 The hght fol- 
lows the path shown 
by the broken hne, so 
that the illumination 
P of the screen P is pro- 
portional to the open- 
ing It IS to be noticed 
that m this device the 



PiQ 104 — The Brodhun Sector Disc Fresnel prisms must 

not act as a stop on 
the beam of hght, % e., the whole of the source must be clearly visible 
from every part of P when the sector disc is not acting as an 
obstruction The chief advantage of this device, apart from ease 
of construction, is the accuracy and rapidity with which the open- 
mg of 8 can be adjusted so that it can be employed as the actual 
mode of brightness vanation in making a photometric balance It 
is so employed in a form of photo- 
meter which resembles the Weber 
photometer (p 172), except that the 
variation of dhumnation of one of the 
comparison surfaces is produced in this 
way instead of by movement of the 
plate -3^2 towards or away from the 
source ig. 

Although the sector disc is con- 
venient in cases where a photometer 
bench cannot be used, and where an 
accuracy of 1 or 2 per cent is suffi- 
cient, its chief use in precision photo- 
metry IS m combination with the bench, 
where its function is to reduce in a 
given ratio the illumination from sources 
of very high candle-power without the 



need for an absorbing wedge (’®) 

The best form of disc for this 
purpose IS one with a fixed opening, 
such as that designed by Hyde for his 
work on Talbot’s law, mentioned above 
C^^). Each disc consists of a sheet of 
metal in which three or more apertures 
are cut, as shown m Fig 1D6. The 



Big 106 — The Sector Disc with 
Bixed Aperturea 


edges of the apertures are very carefully cut and filed down so as 
to be exactly radial, particularly in the cases where n is small. The 
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edge of the metal is bevelled on the side facing the photometer in 
order to avoid possible reflection from a flat edge Although the 
remamder of the disc is pamted black, the pamt is not carried over 
the edge, as otherwise the angle of opening is diminished A con- 
vement set of discs is one containing the nominal ratios 1/5, 1/10, 
1/20 and 1/50 The exact ratio for each disc is best ob tamed by 
direct cahbration on the photometer bench, a lamp of convement 
candle-power (say 100) bemg balanced against a comparison lamp 
both with and without the chsc. If the distances of the lamp from 
the photometer m the two cases be and dg respectively, it is clear 
that the disc ratio is equal to (d^/dg)^ For ratios below 1/10 it is 
generally best to cahbrate “ m cascade,’’ using, say, the known 1/5 
or 1/10 disc in the first photometric balance, and then substituting 
the disc of unknown ratio It is necessary that the edges of the 
apertures should be strictly radial, otherwise the disc ratio will vary 
with the distance of the disc axis from the photometer bench axis. 

The disc required for any particular test is clamped on to the end 
of a shaft driven by a small electric motor, as shown in Fig 106 
Care must be taken to arrange the disc between the lamp and 
photometer so that the whole of the lamp may be seen from the 
photometer when an aperture passes, while, on the other hand, no 
part of the lamp is visible except through an aperture m the disc 

It should be noted that a sector disc cannot, in general, be used 
in flicker photometry (see p 262). 

Photometers depending on the use of Absorbing Media. — ^Yet 
another method of varjnng the illumination of a photometer com- 
parison surface is to insert between it and the source of hght a piece 



Fig 106 — The Double-wedge Absorbing Filter 

of transparent medium the transmission of which can be varied in a 
known ma nner (’®) The simplest form of apparatus for achieving 
this consists of two thin wedges of neutral glass, or of lampblack m 
gelatine enclosed between glass plates, arranged as m Fig 106, so 
that one wedge can be moved over the other. The transmission factor 
thus remains uniform over the whole surface of overlap, but changes 
as one wedge is moved over the other, so that the thickness of the 
combmation is altered It is clear that, if the angle ^ of each wedge 
be very small, then a movement SI of one wedge over the other 
produces a change oi SI in the thickness t If a be the specific 
absorption of the wedge material, the rate of change of transmission 
IS drjdt — — ar (see p 116) Hence (l/T)(dT/dZ) = cfxx. 

If a be 1 mm (2*3 mm for 10 per cent ), then (^8Z == St/t, so 
that for a movement of 1 mm to produce a 1 per cent change m t, 
c/} must be 0*01 radian, or about half a degree Clearly, since 
(l/T)(dT/(iZ) is a constant, the scale connecting I and r is logarithmic, 
it gives the same percentage accuracy throughout It must be 
remembered, however, that m practice the absolute accuracy will 
depend on {a) the constancy of a throughout the body of the filter, 
and (6) the constancy of 6, which is extremely difficult of attainment 
in such a very small angle. In practice it is generally found better 
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to calibrate any given pair of wedges by other photometric methods, 
and not to rely on the theoretical relation given above. 

In oases where the accuracy required is not great, or the breadth 
of the beam of hght which traverses the wedge is small, a single 
wedge of neutral glass may be used m combination with a wedge 
of clear glass, for in this case the variation of transmission over the 
length of wedge occupied by the beam may be neglected 

Instead of neutr^ glass, a Goldberg wedge, made of gelatine 
containing a very fine lampblack in suspension, is often used C^’). 
A small amount of diffusion cannot be avoided in the case of this 
material C^®), but it is more truly neutral than the most “ neutral ” 
glass at present obtamable 

Instead of a wedge, a strip of photographic plate may be used. 
The gradation of transmission may be obtamed (i.) by exposing the 
plate through a Goldberg wedge, (u.) by grading the tune of exposure 
from one end to the other, or (lu ) by usmg a wedge-shaped diaphragm 
over a diffuBmg source of light, so as to produce a gradation of 
illumination from one end of the plate to the other ( ® . The objection 
to this form of wedge is the diffusion of light inseparable from an 
exposed photographic film. 

A layer of liquid, adjustable in depth, has also been used as a 
variable absorbing filter for photometric purposes (®^). 

A device m which the difficulties due to diffusion or to lack of 
neutrahty are avoided altogether is that shown in Fag 107 (®2) Two 

exactly similar gratings havmg, say, sixty 

M imes to the mch, are clamped face to face 
at a distance apart approximately equal 
to the breadth of a Line. The hues are 
opposite to each other, so that the trans- 
mission factor of the double grating for 
hght passing through it normally is 60 per 
cent., if the hues and spaces are equal in 
breadth (neglecting the losses by refieo- 
tion at the glass surfaces) As the double 
grating is rotated about an axis parallel 
to the hnes the transmission factor de- 
creases to zero, and by cahbration the 
relation between angle and transmission 
may be accurately determined. The great 
nriG. 107 --The Variable Neu- advantage of this form of filter is that it 

tr Absorbing Filter stnctly neutral as regards colour of the 

transmitted hght, and that, once cahbrated, 
it may be rehed upon to retain its cahbration The dimensions given 
above may be varied m any direction, subject to the hmitations that 
(a) the^ lines must not be so fine as to produce any noticeable 
diffraction ; (6) they must not be so coarse as to produce any notice- 
able pattern on the photometer screen It will be seen that mcreasmg 
the separation of the gratmgs gives a closer scale, i.e , ddjdr becomes 
less This filter is a modification of an earlier form, m which one 
of the gratings was moved across the other so that the lines of one 
gratmg gradually overlapped the spaces of the other (®8). 

Even the best variable absorbing filter is but a poor substitute 
for a photometer bench, and, just as in the case of the sector disc, 
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the chief field of usefulness for an absorbing filter in photometry is 
in conjunction with a photometer bench, where a filter of fixed and 
accurately known transmission may be used to reduce the candle- 
power of a high intensity source so as to bring it within a range 
convenient for comparison with the sub-standards available (®^). A 
coloured filter may be used to alter the spectral distribution of the 
hght from the source, but this will be dealt with later m Chapter VIII. 
For the purposes considered in this chapter a filter should be as 
neutral as possible, ^ e , its transmission factor should be the same for 
light of all frequencies. It should also be truly transparent, i e., it 
should not difhise any of the hght passmg through it Neither of 
these conditions is fulfilled in practice by any homogeneous absorbmg 
filter. So-called neutral ” glasses nearly always have a higher 
transmission factor m the extreme red than elsewhere in the spectrum. 
This IS clearly seen when several are placed together for the purpose 
of looking at a bnght source, such as the sun. 

Instead of reduction by transmission, reduction by reflection 
may be used, the hght from the high mtensity source beiug reflected 
once or several times from a pohshed surface of black glass (®®) 

The effect of diffusion in an absorbing filter may be minimised 
by placing the filter close to and at a fixed distance from either the 
photometer or the lamp It should not be so placed between the 
photometer and the lamp that its distance from either or both is 
table to change, smce the hght which is diffused by the filter acts 
as if it emanated from the filter as a source The necessity for the 
fulfilment of these conditions may be shown theoreticaUy as foUows. 
Let T and t' be respectively the “ regular ” and “ diffuse trans- 
mission factors of the filter, and let the distances of the filter 
and of the photometer surface from the source be respectively x and 
d The illumination at the filter is Ijx^ That at the photometer 
IS rl lx^)r'f/ 7 r{d—x)^, where/is the area of the filter This equals 

{I/d^)[r + rJd^lTTX^id - xn 

Now li {d — x) be small compared with d, x is nearly equal to d, and 
the nght-hand term of the expression in the brackets reduces to 
Tf/ 7 T{d — x)^, which is constant as long as {d — x) is constant. 
Similarly, if a; be small compared with d, this term becomes tJIttx^, 
which is constant as long as x is constant Thus constancy of effective 
transmission can only be obtained when the filter is close to and at 
an invariable distance from either the source or the surface it 
illuminates 

Absorbing filters may be used m two ways A single plane filter 
may be used to reduce the illu min ation from a source of very high 
candle-power so that it may convemently be balanced against a 
comparison lamp of normal candle-power, and it may also be used 
on the comparison lamp side of the photometer when very small 
sources are bemg measured In any case, the transmission factor 
must be known for light of the same spectral distribution as that 
given by the source with which it is to be used (see p 249) It is 
convement in the photometric laboratory to have a set of neutral 
filters of this kind with transmission factors of the order of 10, 5 and 
2 per cent. These will enable sources up to about 2,000 candles to be 
measured with a bench distance of 2 metres when the standard 
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illmmnation at the photometer is 10 metre-candles. The trans- 
mission factors of such filters must be accurately determined, either 
at a standardismg laboratory or by using a high candle-power 
source of the same kmd as that with which the filters are to be used 
Eor instance, if they are required for work with gas-filled lamps 
operatmg at an efficiency of about 15 lumens per watt, then such 
a lamp, with a candle-power of about 260 candles, may be used on 
the test lamp end of the photometer bench, while a similar lamp of 
about 30 candles will serve as a comparison lamp, and, if used at 
a distance of about 1 metre from the photometer, will give a com- 
parison illumination of about 30 m c It wlQ be noticed that the 
exact value of this illumination does not matter. With no filter 
on the test lamp side, the reading of the photometer at the balance 
pomt will be d, about 3 metres. With the 10 per cent, filter in place 
the reading d' will be about 1 metre. The transmission factor 
of the filter will clearly be {d* jd)^ The other filters may now be 
measured in a similar way, either directly or “ m cascade,” by using 
the already determined factor of the 10 per cent filter, and placing 
this filter on the comparison lamp side, when the filter bemg measured 
IS on the test lamp side. The correction for the tluckness of the 
photometer screen should be made as described on p. 163 The 
range of use of the Weber photometer, and of many portable 
lUummation photometers, is mcreased by mserting neutral filters 
in such a position that the apparent brightness of is reduced and 
a higher illumination can be balanced with the same comparison 
lamp The instrumental constant must be determined with each 
glass or set of glasses m position 

It IS usually safe to assume that a lampblack -gelatine neutral 
filter IS sufficiently neutral for its transmission factor to remam 
qmte constant over the whole range of colour given by electric lamps, 
from ordinary vacuum lamp efficiency (6*7 lumens per watt) upwards 
The value determined with such sources should not, however, be 
assumed to hold with great accuracy when the filter is being used 
with such sources as the electric arc, incandescent gas mantles, the 
mercury vapour lamp, or the yellower flame sources The trans- 
mission factor of filters for use with sources of different colours will 
be referred to again in Chapter VIII 

Whenever filters of appreciable thickness are used in photometry, 
it should be remembered that, owing to refraction, the effective 
distance of the light source from the photometer screen is reduced 
by the quantity {n ~ l)tln, where t is the thickness of the screen 
and n its refractive index (see p 23) Thus for a screen of glass 
{n =15) of 3 mm thickness the measured distances must be 
reduced by 1 mm. in order to find the true candle-power of the 
source 

Other Methods of Varying the Photometer Illumination. — ^Methods 
of photometry have at various times been based on a large number 
of devices, other than those enumerated above, for altering the 
brightness of the photometer comparison surfaces according to a 
known law (««) In some forms of photometer the vanation of 
bnghtness according to the cosine law of illumination has been 
used This method is still employed in certain portable photo- 
meters for measuring fllumination (see p. 360) Since for every 
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known surface the reflection factor varies with the direction of the 
incident hght, the cosine law cannot be assumed to hold accurately, 
and the instrument therefore requires calibration by a more funda- 
mental form of photometer 

Another method, depending on the use of a diaphragm of variable 
opemng, is also used in some portable illummation photometers 
(see p 363) A source of hght is placed behind a translucent screen, 
which illuminates one surface of the photometer head The illununa- 
tion is directly proportional to the area of a diaphragm which may 
be placed (a) directly in front of a translucent surface acting as the 
effective source (®®), (6) close to a lens which forms an image on 
the photometer surface (®®), or (c) close to a lens which serves as 
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an objective to an ocular system with a small artificial pupil (®®), 
so that the brightness of the image of the translucent surface seen 
by the eye vanes as the diaphragm area (see p 109) Forms of 
diaphragm which have been used are shown m Fig. 108 

A negative lens may be used to reduce the illumination of a screen 
placed behind it, for if L be the source (Fig 109), P the lens of focal 
length /, and S the screen, the hght flux, which without the lens 
would occupy an area on the screen equal to nh^d + Z)^/d^, actually 
occupies an area 7Th^(x -f Ifjx^ where l/x — 1/rf = Ijf (see p 22), 
so that the ratio of reduction of lUumination is 

r(d + Z)a:-|a_ r 

on account of lens action This ratio must be further reduced on 
account of losses due to reflection at the glass surfaces and absorption 
within the substance of the lens (®^). This effect has been the basis 
of a so-called dispersion ” photometer in which the brightness of 
the screen is varied by changing the position of a negative lens 
placed between it and the source to be measured (®2). 
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Photometers have been designed in which the light from the two 
companson surfaces is caused to traverse two prisms of glass 
separated at the interface by a very thin air film (see p 26). The 
interference bands formed by the transmitted light from one com- 
parison surface are superposed on those formed by the reflected hght 
from the other surface, so that the hght bands of one set comcide 
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with the dark bands of the other set. When both sets are of equal 
mtensity the field of view appears uniformly bright 

An optical effect which it has lately been proposed to apply to 
photometric measurement is the apparent curvature of the path of 
an object which is really moving m a straight hne, but which is 
unequally illuminated on the two sides. The effect is due to the 
relation between the brightness of an object and the lag in the visual 
impression produced by that object Instruments based on 
this effect have been described by C. Pulfrich (®®). 

Instantaneous Candle-Power. — A special problem m photometry 
is the measurement of candle-power at any given instant in the case 
of a source which is undergoing rapid penodio or continuous changes, 
as, for example, an electnc incandescent filament lamp supphed VTith 
alternating current of comparatively low periodicity, or the same 
lamp durmg the period immediately f oUowmg the starting or stoppmg 
of the current. 

In the case of a periodic change of which the frequency is above 
the critical frequency of the eye (see p. 62), a sector disc synchronised 
with the electric supply may be interposed between the test lamp 
and the photometer (®®). Photometric readings are then taken in 
the ordinary way, allowance bemg made for the transmission of the 
sector disc Smce the disc is synchronised with the candle-power 
fluctuations, it follows that light reaches the photometer from the 
test lamp only during a brief mterval of time, and always at the 
same part of a cycle. By changing the angular position of the disc 
opening, the candle-power can be measured at each point on the 
cycle 

In the case of frequencies below that at which flicker appears, it 
is necessary either to use a similar disc on both sides of the photo- 
meter or to place the disc between the photometer and the observer’s 
eye. In the latter case a rapid observation of the photometer field 
IS made at each exposure, and the position of balance is attained by 
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a process of successive approximation. A siinilar method may be 
used m the case of a continuous change, a shutter being placed in 
front of the photometer so that the field is visible only at the required 
instant in the course of the change (®^). This type of measurement 
IS necessarily tedious, smce the whole change has to be gone through 
for every attempt required to obtain a single observation. 

“When the changes of candle-power are not too rapid, approximate 
measurements may be made with an illumination gauge such as that 
described on p 354, or any convenient modification of it (®®) 

Relative Merits of Photometers. — ^A discussion of the advantages 
and disadvantages of the many different types of photometers that 
have been devised at vanous times would serve no useful purpose 
m this book 

Several investigations have been made with the object of finding 
the relative sensitivity of different t 3 ^es of photometer head (®®). 
It seems to be the general conclusion that for photometry in which 
there is httle or no colour difference between the sources being 
compared the Lummer-Brodhun contrast field gives the best results, 
although the Bunsen, if properly designed and used, may be almost 
as good "When there is a marked colour difference, however, the 
resets are less definite (see p. 262) The degree of lUununation of 
the field of view has a considerable influence on the sensitivity of the 
eye to brightness contrast (see p. 52), and it is therefore only to be 
expected that it will also affect the precision of photometric measure- 
ments The curve of Fig. 110 shows the variation of precision with 
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Fig 110 — The Dependence of Photometno Precision on Brightness (Uppenbom). 

field illumination found by F Uppenbom (^®®) In cases where the 
companson field is very small (of the order of 2° to 4°) the use of an 
evenly illuminated background having approximately the same 
brightness as the companson field has been found to improve the 
accuracy of the settings Other factors affectmg the precision 

of photometnc measurement are mentioned m Chapter XI 

It has been mtended m the descriptions given above to mdicate 
bnefiy the particular ments of each instrument and the scope of 
the work for which it is best suited. Extreme accuracy can never 
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be combmed with, great simpKcity of construction, with portability, 
or with cheapness. On the other hand, one or more of these latter 
characteristics may, in some problems, be more important than the 
last J per cent m accuracy. For work of the highest precision a 
photometer bench, Lummer-Brodhun contrast type head, sub- 
standards obtamed from a standardising laboratory, and the best 
possible electrical equipment must be used Nearly all the so-called 
“ portable ” photometers have to be calibrated with such an arrange- 
ment, but if carefully treated after cahbration the best can be 
rehed upon, generally, to 1 or 2 per cent,, and are often convenient 
for use in positions where it would be impossible to set up a bench. 

The peculiarities of observers and the effects of experience, 
personal health, etc., which are unavoidable m physiological 
photometry mentioned in a later chapter of this book 

(see p 315) Here all that can be said is that progress in photometric 
accuracy seems to lie in the direction of using some cntenon of 
equahty of brightness other than absence of contrast or equahty of 
opposite contrasts Probably some combination of physical with 
physiological photometry wdl prove the best arrangement if an 
accuracy superior to 0-1 per cent, is to be achieved 
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quoted m note (11), p. 76 

(101) L 0 Martin Roy Soo , Proc , 104, 1923, p 302 , S A Emerson and L C 
Martin, Roy Soo , Proc , 108, 1926, p 483 See also Chap VIII , p 269, and P Lasareff, 
Russian Phys -Chem Soc , J (Phys sect ), 43, 1911, p 160 , Pfiilger’s Archiv f d. ges 
Physiol , 1&, 1911, p 236, for the effect of field size on accuracy 

(102) C C Paterson El World, 66, 1910, p 338 
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workers (^) It ha,s the great disadvantage that the light is not 
incident normally on the photometer screen, so that a very slight 
maccuraoy m the setting of P produces large errors in the measured 
candle-power (see p 164). 

Another method is that involving the use of a movable mirror 
system. When only one mirror is used, it may be arranged to occupy 




I^a. 112 — ^Hartley’s Photometer. 


the position of P in Mg 112, and to move about a horizontal axis 
ao as to deflect the light from the source along the axis of the photo- 
meter bench (®). The reflection factor of the mirror cannot, however, 
be assumed to be constant at all angles of incidence (®), and a better 
scheme is that shown diagrammatically in Mg. 113 (7) The source 
to be measured remains feed at Lj>, while the mirror M is earned 
on a rigid arm by means of which it can be moved round a horizontal 
axis passing through the centre of iy This axis coincides with the 
axis of the photometer bench, passmg through the photometer and 
the companson lamp The mclinatiou of Jlf to this axis is capable 
of adjustment so that the light from Lt can be directed to the 
photometer when the latter is at different distances. Very frequently 
two m i rrors are used, one on each side oiL^ (®). 

Tor sources of small dimensions apparatus which can be accom- 
modated on a portable framework, or even on a photometer bench 
has been designed (®). ’ 

The chief disadvantage of this method is the fact that the hght 
from M reaches the photometer obhquely, so that as M is moved 
round the error mentioned m Chapter W (p 164) is mtroduced 
This defect may be avoided by causing the hght to suffer two (i®) 
or three reflections before reaching the photometer (see Mg 114), 
but since each mirror must be larger than the light source to be 
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measured, apparatus of this kind becomes very heavy and cumber- 
some m the case of large sources 

The most satisfactory device is that m which the source and 
mirror of Eig 113 are mterchanged, so that the source moves m a 



Fig 113 — ^Radial Mirror for Polar Curve Measurement 

vertical circle around the axis of the photometer bench, while the 
mirror, fixed at an angle of 46° to this axis, rotates so as always to 
face the source (^^). The hght is then mcident on the mirror at a 
constant angle of 45°, and is reflected along the axis of the bench. 






Bench 

Atcis 


Pig 114 — ^Mirror Apparatus for Polar Curve Measurement 


The apparatus may take the form shown in Eig 116, which gives a 
view from the position of the photometer Fixed to a strong upright 
IS a toothed wheel and one race of a ball and roUer bearing B 
of 3^ inches diameter The other race of this bearing carries a 
brass disc D of 14 inches diameter, to which is rigidly attached the 
steel tube G and a fitting for the mirror M At one end of is a 
collar for the axle of a second toothed wheel IFg, of the same size as 
Wi and in gear with it by means of a third wheel (or a cham 
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may be used instead) The forward part of this axle carries a 
swan-neck bracket, on which is supported the light source The 
counterweight Z can be adjusted on Q so that the whole system ZGW 2 , 
can be moved about B with very httle effort It can be clamped 
at any angle which is an even multiple of 5° by means of a pin 
engaging in one of the outer nng of holes seen near the outer edge 
of the brass disc Z). The pin is carried on a long rigid arm (not 



shown) which swings from a fixed point above the apparatus A 
second row of holes in D enables 0 to be set at either of the Eussell 
angles (see p 93) The angle which M makes with the axis of W. 
(which IS also the axis of the photometer bench) is normally 45° 
but it is capable of adjustment to allow for cases in which the source 
projects unusuaUy far in front of G, The dimensions of M must be 
suniciently great to accommodate the largest source for which the 
apparatus is hkely to be required, and it is clear that when measure- 
ments ^e being made no part of the effective hglit source, including 
any reflector or other surface contributing to the total light, may 
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be cut off by the mirror. This is tested by viewing, the image of the-^. ^ 
source m the mirror from the position of the ooftLpaf^on-eurfaiQe'iit 
the photometer For sources such as street lightaa^ntM^rfVfc’ large ^ 
semi-indirect bowls with reflectors, a mirror measun^^B“"5r2^l5ches 
IS required. 

Where sources of high candle-power have to be measured it is 
necessary to place the photometer at a conBiderable distance from 
the source, and on account of the large range of candle-powers met 
with in practice it is convenient to have, instead of a very long 
photometer bench, a short bench of about 2,500 mm m length 
mounted on a table provided with small wheels which move along a 
track in the floor A pomter on the table leg, and a series of marks 
at 1 metre intervals on the floor, enable the bench to be fixed at 
any convement position for the particular magmtude of candle-power 
bemg measured at any time. 

The candle-power range covered by a single lamp m different 
directions is often considerable, and m order to avoid the necessity 
for moving the table too frequently it is often convement to clamp 
the photometer at the zero of the bench and move the comparison 
lamp If the fixed distance of the comparison lamp, found by 
standardisation in the usual manner (see p. 166), be dc, while the 
distance of the photometer from the light source md the mirror is 
then the candle-power corresponding to a position x of the com- 
parison lamp IS {dT^lp){dolx)^ X 10-®, where p is the reflection factor 
of M p may be determined most convemently either by placing 
G m the horizontal position and using a lamp of which the horizontal 
candle-power m the direction facing the mirror is known, or by mak- 
mg a measurement of the horizontal candle-power of the source in 
the ordinary way, the azimuth being the same as that facing M when 
the distribution was determined In either case p is equal to the 
ratio (candle-power measured vid M)j {trne candle-power) 

The constant distance dT is measured by means of a steel tape 
or otherwise, as follows one observer places his eye in the position 
of the photometer head and directs a second observer to make a 
mark on the mirror M m the position of the photometric centre of 
the lamp image which he sees. The distances from this mark to the 
centre of the photometer and to the lamp centre are added together, 
and this sum, increased by 1 5 times the thiclmess of the mirror glass, 

IS the value of dT required (^®) For a determmation of the candle- 
power distnbution m a vertical plane, measurements are made wjth 
the mirror M at angular intervals of 10° for most sources of fairly 
uniform distribution In some sources rapid changes of candle- 
power may take place near the axis (0° or 180°) or in the honzontal 
direction It is then necessary to reduce the intervals between the 
readings in these regions 

While measurements are bemg made the photometer is screened 
from the direct hght from the source by means of a large black 
screen in the form of an annulus, the centre aperture m which is 
sufficiently large to avoid any mterference with the light reaching 
the photometer from M All metal and wooden parts m the 
apparatus itself must either be pamted a dull black or covered with 
black cloth while measurements are in progress 

It wiU have been noticed that one set of measurements only gives 
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the distribution curve m a single vertical plane. Very often this is 
sufficient to give the information required, since for many sources 
the distribution in every vertical plane may be assumed to be the 
same to the order of accuracy desired A vacuum electric glow lamp 
may be rotated about a vertical axis so that the mean distribution 
curve may be obtamed with one set of measurements, and in this 
case a small electric motor is fixed to the fitting earned on W^, 
while the lamp is fixed in a rotator similar to one of those described 
later m this chapter (p. 202) Most sources, however, cannot be 
rotated (^®), and a really accurate knowledge of the candle-power 
distnbution m aU directions in space can only be obtained by means 
of some eighteen sets of measurements with the source at every 10® of 
azimuth This is the most fundamental method of obtaming the 
meansphencal candle-power (m s c.p ) of a source (^'^). 

Methods Involving the Use of Physical Photometers or Illumination 
Photometers. — ^It is clear that candle-power distribution can be 
measured without mirrors by means of some form of physical 
photometer, such as the photo-electno cell (see Chapter XI , especially 
note (90), p 339 The possibihties of this method have not yet been 
investigated thoroughly. 

Eor approximate work a portable illumination photometer with 
detached test plate may be used (see Chapter XII ). The plate is 
mounted on a hght arm so that it can be moved in a circular track 
havmg the source as centre The illumination of the test plate at 
any position clearly gives the corresponding candle-power of the 
source (i®) When this method is used it is necessary to have the 
arm which carries the test plate of such a length that the inverse 
square law may safely be apphed to calculate the candle-power of 
the source from the illumination of the plate (see pp 102 et seq ). 

Candle-Power Distribution : Measurement of Unsteady Sources. — 
In the above description it has been assumed that the source remains 
constant in candle-power, to the accuracy of the experiment, dunng 
the whole set of measurements In the case of some sources, such 
as the electric arc, however, this assumption cannot be made, and 
it is therefore desirable to have some means of comparing the candle- 
power m any direction with that in a fixed reference direction In 
this way a true representation of the distnbution can be obtamed 
while the absolute value of 
candle - power is vanable 
from mmute to minute _ 

One form of apparatus ■ ^ 

for measurement of this kmd 
is shown in Fig. 116, where 
Mj^ and are two exactly 
similar mirrors, movable 
along the arms A and B, 

A remams horizontal, while 
B moves round m a vertical — Roxisseau’s Apparatus for Measur- 

plane. A link motion mam- 

tarns the photometer screen P in the plane bisecting the angle 
between A and B. C is a graduated circle, behmd which is placed 
the source of light at a distance which is small compared with M P 
Photometric balance is obtamed with at any angle, 
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by moving along B Thus Iej{M^PY = where h is 

the candle-power of the source in the direction PM^ and Is: is the 
horizontal candle-power at the same instant 

Fleming has used the apparatus shown diagrammatically in 
Pig 117 (2®). The hght from L in the direction d reaches the photo- 
meter P by way of the pair of mirrors M-^ and which can be 
moved round the axis LP, and the stationary mirror The hght 



Fig 117 — Polar Curve MeasurementB on Unsteady Souroes 


from L in the horizontal direction reaches P by way of and 

Mq The mirrors are so arranged that the length of path traversed 
by the hght is the same m both cases. The photometric balance 
may be obtamed by means of a sector disc or variable absorbing 
filter placed in the path of one beam, or comparison may be made 
with a polarisation photometer, if the polarisation due to the 
reflections in the mirrors be destroyed IbHu may thus be obtained. 

Mean Candle-Power Determinations. — Where the actual distribu- 
tion of candle-power is known, or is of httle importance owing to the 
use of reflecting devices, the performance of a source may be judged 
from the candle-power in a certain specified direction, or from the 
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total output of light In the former case, either the horizontal or 
the downward vertical direction is generally chosen The fitting 
shown m Eig. 118 may be employed for the vertical (axial candle- 
power) measurement The mirror M rotates about a hne passing 
through its silvered surface, and the scales A and B are graduated 

from this hne as zero, so 
that by sighting the lamp 
filament between the 
scales its exact distance 
from the mirror can be 
found 

When the horizontal 
candle - power basis is 
adopted, the mean value 
of the luminous intensity 
m all directions lymg m 
the horizontal plane is 
usually measured, rather 
than the value in a 
smgle direction This 
mean value, termed the 
“ mean horizontal candle- 
power,’’ is easily found 
from the horizontal polar 
curve, determined by the 
point to point method 
described on p 194 (2®). 
In the case of sources 
such as a vacuum elec- 
tric lamp, however, it 
can be more simply ob- 
tamed from a single 
measurement made with 
the lamp rotating about 
its axis sufiiciently fast to 
avoid flicker in the photo- 
meter head (2^). A speed of about 120 to 180 revolutions per minute 
IS usually sufficient (^6) The form of rotator designed by C C 
Paterson, and used at the National Physical Laboratory (2®), is 
shown m section in Fig. 119. It consists essentially of two parts, 
one fixed rigidly to the stand, the other capable of rotation and 
carrying the lamp A is an ebonite disc beanng two concentric 
copper rmgs, which are respectively connected to the terminals T, T, 
From these termmals flexible leads are conveyed inside the vertical 
tube B to the lamp holder Rigidly attached to this tube is a sohd 
brass disc Z>, which is fnction-dnven by a small wheel driven through 
a shaft and pulley system from a small electnc motor (7 is a second 
circular ebomte block bearmg two annular grooves concentric with 
the copper rings of A^ and half filled with mercury, so that these 
rmgs can rotate freely with about J inch of their lower edges dipping 
into the mercury. The mercury in these two grooves is connected 
to four terminals S, S, to which are attached the current supply 
leads and voltage measuring leads from the bench With this 
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apparatus, if the mercury troughs and copper rings be kept scrupu- 
lously clean, there is generally no difSculty in maintaining the 
current through the lamp 
perfectly steady, always 
a somewhat difficult prob- 
lem when measurements 
have to be made through 
moving contacts * If the 
efficiency of the contacts 
be suspected, the values of 
current and potential ob- 
tained with the lamp m 
the rotator are compared 
with those found when 
the lamp is in a standard 
socket (seep 438) Differ- 
ences between the values 
obtained with the lamp 
rotating and the lamp 
stationary are sometimes 
found to be due to imper- 
fections in the internal 
construction of the lamp, 
such as a very slight 
looseness of contact at the pmch where the filament is joined to 
the leading-in wire It is clear that, instead of rotating the lamp, 

it is possible to use a 
pan of mirrors ar- 
ranged as in Eig. 120, 
and rotated about 
the lamp axis (2’). 
This method avoids 
any difficulties due to 
movmg contacts or to 
distortion of the fila- 
ment by centrifugal 
force (2®), but the 
source is not measured 
in its normal burning 
position 

Total Flux 
Measurement. — The 
modem development 
of light sources in 
which the distribu- 
tion of candle-power 
conforms to no par- 
ticular standard, and 
the increasing use of refiectors and other auxihary devices to 
modify the distribution of the hght as emitted by the actual 

* Although the description given above applies to a rotator designed for the measure- 
ment of lamps m the pendent position, it is clear that an exactly similar instrument may 
be used for lamps measured m the upright position 
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Fra 120 — The Measurement of Mean Horizontal 
Candle-power 
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sourcej have led to the increasing disuse of the mean horizontal 
candle-power as a basis for the rating of illuniinants. Instead, 
it IS now becoming customary to rate aU sources m terms of 
their total output of lummous flux or, what comes to the same 
thing, the average value of the candle-power when measured in aU 
directions m space (^®), for (see p 87) this average candle-power, 
often called the mean spherical candle-power,” is numerically equal 
to the total flux from the source (expressed m lumens) divided by 477- 
This IS, moreover, the only possible basis for rating very unsym- 
metncal sources (®®) Eor certain special purposes the average value 
of the candle-power in the upper or lower hemisphere, or within a 
specified zonal region, may be required It has been shown in 
Chapter IV. (p 91) how this information can be obtamed from the 
polar curve of light distribution in a vertical plane, assuming the 
distribution to be the same in every such plane (®^) 

In cases where the hght source can be rotated this assumption 
as to sjmametry of distribution about the axis need not be made, 
for, by the use of apparatus in which a rotating device is mounted 

on a tiltmg framework of the 



Tia 121 — The Measurement of Mean 
Spherical Candle-power (pomt-to -point 
method) 


kind illustrated in Eig 111, the 
mean polar curve can be ob- 
tamed from a single set of 
me^asurements covermg 180° 
only (®®). Alternatively, the ro- 
tating device may be mounted 
with its axis horizontal, and this 
axis may then be moved m the 
horizontal plane (®®). In either 
case it IS desirable that the part 
of the rotating device which is 
actually fixed to the axial rod 
bearing the lamp shall be as 
small as possible, so as not to 
obscure hght from the lamp in 
nearly axial (cap end) direc- 
tions. Ideally the pulley, etc , 
used for the purpose should not 
be larger than the lamp cap. 
Sharp has described (®^) a form 
of apparatus in which the lamp 
is rotated about a vertical axis, 
and is measured by means of a 
double three -mirror system ear- 
ned on a hght framework which 
is movable about the horizontal 
axis (Fig 121) 

Lumenmeters. — ^It has 



already been pointed out that 
rotation of the source can only be done with safety in the case of 
a few sources of hght, and even then the accurate determination 
of a polar curve necessitates at least twenty measurements It 
IS not surpnsmg, therefore, that repeated attempts have been 
made to devise a means for finding the mean sphencal candle- 
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power of a source by a single measurement, or even a small number 
of measurements. 

The first apparatus of this kind was the lumenmeter (®®), shown 
in plan in Fig. 122 The source 8 was placed at the centre of a 



spherical blackened globe 0, 0 This globe had cut out of it two 
lunar apertures L, L, and the light from 8 passed through these 
and was reflected from an ellipsoidal mirror ^ to a sheet of trans- 
lucent material A placed at or near its second focus {8 being at 
one focus of ^). The hght transmitted through A was diffused, and 
illuminated the photometer. In a modification of this instrument 
E was replaced by an annular diffusmg ring, and A was removed. If 
the angular opemngs of the sphere were 18°, the mean of the readmgs 
obtained with the lamp m ten positions 18^ apart gave the mean 
sphencal candle-power, supposing the apparatus to have been 
cahbrated by means of a source of known m s c p 

Other apparatus used extensively before the advent of the 
integratmg sphere depended on the use of a large number of mirrors 
placed round the source, so that the beams of hght emitted from ’t 
m various directions were aU reflected to a single photometer surface 
Of this kind were the mesophotometer (®®) and the instruments of 
Matthews, Dyke, L6onard, and others (®^). 

The Integrating Sphere. — ^The apparatus most commonly used at 
the present time for the measurement of mean spherical candle- 
power depends on a prmciple first enunciated by Sumpner in 1892 
in connection with work on the reflection factors of various 
surfaces (®®) He showed that, if a source of hght were placed inside 
a hollow sphere coated internally with a perfectly diffusing material, 
the brightness of any part of the surface due to light reflected from 
the remainder of the sphere was the same, and was proportional to 
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the total flux emitted by the source It has been mentioned already 
(see p. 104) that the flux received per umt area by one part of the 
surface of a sphere from a given area of any other part which has a 
given brightness is the same, whatever be the relative positions of 
the two parts on the sphere. Thus the flux reflected from each part 
of the spherical surface is equally distributed over the other parts, 
and, conversely, the flux received at each part of the surface by 
reflection from the remamder is everywhere the same and bears a 
fixed relation to the total flux received by the whole sphere The 
theoretical expression for this relation in terms of the reflection factor 
of the sphencal surface is very easily obtained ; for if the brightness 
of any portion of the sphere surface be and the reflection factor, 
assumed uniform over the whole surface, be p, the flux received at 
any element of area 8s of the sphere due to a first reflection from 

the remainder of the sphere is equal to (Ss/4r^)|5d5, the summation 

being made over the whole surface of the sphere. Now the bright- 
ness B of any area is equal to the flux reaching that area multiplied 
by p and divided by tt, so that, if the total flux given by the source 

be F, = pF/n, and hence the flux received by 8s = pFSsl4:7Tr^ 

or pFj^^ per unit area Thus the brightness of any part of the 
surface due to the direct light and Lght which has suffered one 
reflection is 5 + p^Fj^m-h^, The flux reaching Ss by the first and 

second reflections is, therefore, {8s/4/r^)^{B + p^F/4:^^^)ds, which 

19 equal to p8sFj4trrr^ + p^8sFj4i7rr^, so that the flux received per unit 
area by one and two reflections is (jP/47Tr^)(p + p^) Similarly, it 
may be shown that the flux received per unit area due to any number 
of reflections is {F/4:7Tr^){p + + • • to infinity}, so that 

the total flux received per umt area by reflection is Fpl4i7TT^(l — p), 
which, smce F/4^ is the mean sphencal candle-power 7^, is equal 
to I^plr^{l — p) i e,, the illumination 6i the sphere by reflected 
light IS equal to the average lUummation by direct hght multiplied 
by the factor p/(l — p), winch for p = 0 8 becomes equal to 4 (®®). 

It will be seen that this expression for the reflected flux is 
independent of the position of the source and of the distribution of 
the light from it, and this fact is the theoretical basis underlying the 
use of the mtegratmg sphere, for it follows th’at a measurement of 
the illumination due to reflected hght of any part of the sphere wall 
gives at once a measure of the total flux from the source, irrespective . 
of its distribution. The proposal to use the sphere in this way as 
a photometer was first made by Ulbricht m 1900 (^o), and much 
work, both practical and theoretical, has been devoted to the problem 
since that time (^). 

Practical considerations make it impossible to use the expression 
found above for the relation between the total flux emitted by a 
source inside a sphere and the lUummation of the sphere surface 
due to reflected Hght, In the first place, it is supposed not only 
that p is constant for the whole surface of the sphere, but also that 
this surface perfecrf yi jdiffu^ng. Eurther, it is assumed in the 
above theoretic^ treSment thatthe sphere is perfectly empty, so 
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that the reflected flux is entirely undisturbed by the presence\ 
objects within the sphere Clearly, the very presence of a hghV,^ 
source of finite dimensions is a violation of this condition, while the 
necessary provision of an aperture or window in the sphere wall for 
the purpose of measuring the illumination due to reflected flux, and 
the introduction of a disc to prevent direct hght from the source 
from being included in this measurement, are further departures 
from the ideal conditions. 

AU these elements of uncertainty naturally put absolute measure- 
ments of mean spherical candle-power by means of the sphere qmte 
out of the question, but they do not prevent its use for finding the 
relative candle-powers of two sources if smtable precautions be 
taken. This, after all, is the sole function of any photometric 
apparatus used for makmg measurements by the substitution method, 
and it does not, therefore, imply any important restriction of the 
usefulness of the integrating sphere The precautions to be taken 
arise from the necessity for ensuring that the departures from theory 
above mentioned affect equally the measurements on the two sources 



(a) The Substitution Method (6) The Simultaueous Method 

to be compared. These precautions will be dealt with in some detail 
in later sections of this chapter, but first it will be convement to 
give a bnef account of the two methods of using the sphere most 
commonly adopted 

The Substitution Method. — ^In the simpler of these, which may be 
called the true “ substitution ” method, a sub-standard lamp of 
known mean spherical candle-power is placed in the sphere, and the 
reflected flux incident at some part of the sphere wall is measured. 
This measurement may be made with some form of illummation 
photometer sighted through an aperture m the sphere wall at the 
opposite surface The more usual method, however, is to measure 
the brightness of the outer surface of a small translucent diffusing 
window {W, Fig 123) provided at some pomt m the sphere wall, 
this brightness being assumed proportional to the reflected flux 
received by the inner surface of the wmdow The test lamp is then 
substituted for the sub-standard and the measurements are repeated. 
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If Bs^ and Bj, be respectively the values of bnghtness found in the 
two cases, the candle-power of the test lamp 

As wiU be shown later, the best position for the source in making 
measurements by this method is the centre of the sphere (see p. 216). 
Direct hght from the source must be prevented from reaching the 
wmdow (or the area viewed by the illumination photometer), since 
only the reflected flux is to be measured Between the source L 
and the wmdow W, therefore, is placed a screen S m the form of a 
disc, ]ust large enough to prevent the wmdow from receiving any 
but reflected hght. The best position for the screen*^wi]l be discussed 
later (see p 213). 

The Simultaneous Method. — ^In the other method of using the 
sphere, termed for convemence the ‘‘ simultaneous ” method, both 
sub -standard and test lamp are in the sphere throughout the measure- 
ments, as shown diagrammaticaUy in Pig. 123, (&) Bs is first 
measured with only Ls ahght ; Ls is then extinguished and Bt is 
measured with only Lt ahght. As before, It = Is{BTjBs) This 
method is generally used m the measurement of arc lamps or other 
sources which necessitate the presence of auxfliary apparatus of 
considerable bulk in the sphere. The disturbance of the reflected 
flux distribution by this apparatus is then approximately the same 
for the measurements of both Bs and Bt- The extent of this disturb- 
ance may be reduced considerably by whitening the external surface 
of the apparatus, either by pamtmg it with a white pamt or by 
covering it with a white material.* Two screens, 8 and aS', are 
required for shielding the wmdow from direct illumination by Lt 
and Lsi and a third screen 8-^ is needed between the sub-standard 
and the test lamp m order to prevent direct light from Ls from 
reachmg any part of Ls t This screen generally takes the form 
of a small cap on the sub-standard lamp, the mean spherical candle- 
power of which is determined with the cap m position 

It IS desirable that the positions of the two lamps Lt and Ls 
should be as nearly as possible symmetrical with respect to the 
sphere wmdow, but they should not be too close together, or the 
size of 8-^ will be such as to produce an excessive distortion of the 
hght distribution from the sub-standard. Further, as will be shown 
later, the lamps should not be too close to the surface of the sphere 
(see p 216), so that the best compromise is, generally, to place each 
about midway between the centre of the sphere and its surface. 

Sphere Details. — ^From the above general description of the theory 
and practical apphcation of the sphere it will be clear that in the 
design and use of any particular instrument of this nature very 
careful consideration must be given to (a) the nature and size of 
the wmdow, (6) the size and position of the screen or screens, 
(c) the effect of objects within the sphere (includmg the source 
itself) and their position, and {d) the nature of the pamt used for 
coating the interior surface. These details will, therefore, be con- 

♦ Care must be tiaken to ensure that the distribution of the flux directly emitted 
by the lamp is not affected by this whitening, which should, therefore, be oonflned to 
surfaces which receive no direct light from the actual luminous source under normal 
working conditions 

t This precaution is necessary, for otherwise the opaque parts of Lf would absorb 
direct light from Ls as well as light reflected by the walls of the sphere. It is this latter 
absorption only that takes place when L-pis alight 
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sidered one by one, and the application of the conclusions arrived 
at will then be showm by reference to spheres used in current pboto- 
metnc practice 

The Sphere Window. — ^It was mentioned above that in most 
spheres the measurement of the illummation of the inner surface 
due to reflected flux is effected by measuring the brightness of the 
external surface of a translucent window provided m the wall of 
the sphere The alternative method, viz , that of measuring the 
illummation directly by means of a brightness photometer sighted, 
through an apeHure m the sphere wall, towards a portion of the 
surface opposite^ has not generally been used There seems to be 
no reason why this more direct method of measurement should not 
be adopted instead of that involving the mterposition of a wmdow, 
provided that a satisfactory photometer with a field not exceeding 
2® to 3® m diameter is available for the work, and the inside surface 
of the sphere is sufficiently matt. 

Meanwhile the window method is that most generally used, the 
normal brightness of the window being obtamed, usually, m one of 
two ways In many cases it is convenient to regard the wmdow as 
a lummous source and to measure its candle-power in the direction 
of the normal by means of a bench, photometer head, and com- 
parison lamp, as described m the last chapter (pp. 166-168) 
Alternatively the brightness of the window may be measured by 
makmg it one of the comparison surfaces in a photometer head of 
special design, the other comparison surface bemg lUununated by 
a movable comparison lamp Such special photometer heads are 
shown diagrammatically in Eigs. 124 (a) and (6). The ordinary 
Lummer-Brodhun head may be adapted for this work by insertmg 
a thin sheet of silvered glass in front of the plaster surface, as 
showp in Eig 124 (c) 

The former of the two alternative methods ]ust descnbed, viz,, 
that of candle-power measurement, can only be adopted when the 
brightness of the window is high. For, while the candle-power of 
the window is proportional to the product of its brightness and its 
area, the latter is severely hmited by the fact that the screen between 
the window and the source, which must be at least as large as the 
window in the case of most hght sources, has to be reduced as much 
as possible (see p. 213). Generally it may be assumed that the 
diameter of the wmdow should not exceed one -tenth of the sphere 
diameter, and should, if possible, be less than this. Assuming this 
as an upper limit, the TYimiTnum candle-power which can be measured 
by this method in a sphere of given size can readily be calculated. 

It has been shown that the lUumination of the inner surface of 
the window due to reflected hght is I — p), where is the 
mean spherical candle-power of the source and R is the radius of 
the sphere If t be the transmission factor of the window its bright- 
ness IS, therefore, I ^prjTrR^(l — p), so that if its radius be r its candle- 
power in the direction of its normal is I^prr^jR^il — p) If p = 0*8, 
T = 0*3, R = 50 cm , and r = 6 cm , this expression becomes 
(0‘012)7 q. Since the inverse sq[uare law cannot be assumed to hold 
to an accuracy better than 0 3 per cent, when the distance betw^n 
the window and photometer is less than 20 r, it follows that, assuming 
an illumination of 10 metre-candles is required at the photometer 
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screeiij tlie candle-power of the window cannot be found by the 
ordinary bench method of moving the photometer head and com- 


I 



panson lamp together unless exceeds 4,000 __ ^ ^ ^ about 

830 candles m the case considered above. 

The above example shows that it is generally impossible to use a 
variable distance between the sphere window and the photometer 
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head For aU sources, except those of very high candle-power, the 
photometer head is ^ed at some convenient distance from the 
window, and the photometric balance is obtained by moving the 
comparison lamp A distance of from 10 to 30 cm is often con- 
vement, although this naturally depends on the brightness and size 
of the window and on the lUummation desired at the photometer 
screen Departures from the inverse square law due to the size of 
the window are qmte immatenal so long as the distance from window 
to photometer head remains unaltered between the measurement 
of the sub-standard and the test lamp 

In the case of lamps of low candle-power it is better to abandon 
altogether any attempt at measuring the candle-power of the 
window and, instead, to use the wmdow surface itself as one of the 
comparison surfaces in the photometer (see Fig 124, (a) to (c) ) 
Whichever method be employed for measuring the bnghtness 
of the sphere wmdow, it is convenient to have an ms diaphragm 
close to the outer surface, so that the effective area may be reduced 
when sources of large candle-power are being measured When the 
candle-power of the window is measured directly, it is necessary to 
keep the aperture of the diaphragm constant between the test lamp 
measurement and the standardisation. If the photometer head be 
not fixed in position, it must be remembered {a) that the distance 
to be used for calculation by the inverse square law is that between 
the photometer head and the diaphragm (see p 108) and (&) that 
with very short distances, departures from the inverse square law 
may be introduced not only on account of the size of the window, 
but also due to the possible effect of light returned by the photometer 
screen to the wmdow, and thence reflected back to the photometer 
(see p 104). It is clear that a diaphragm cannot be employed in 
this way when the wmdow forms part of the photometer head. In 
this case it is often found convement to use two widely separated 
diffusers with an ins close to that one which forms part of the sphere 
surface (see Fig 125) The bnghtness of is then 
approximately proportional to the aperture of D A 
more satisfactory arrangement is that in which 
is a window in a small auxiliary white sphere with 
an opening in the plane of D The bnghtness of 
W 2 IS then approximately proportional to the flux 
admitted into this sphere, ^ e., to the area of the 
opemng m D. 

In all cases it is desirable that the wmdow should 
be readily removable from the sphere so that it can 
be cleaned effectively, and so that the sphere wall 
can be repainted without damage to the window 
surface Some form of shallow cylindncal frame- 
work IS generally used to carry the wmdow This fits 
into a circular aperture in the sphere wall, and a 
register is provided to ensure that, when the window 
IS replaced, its surface is exactly flush with the inner 
surface of the sphere The inside of the cyhnder 
should be painted a matt black or covered with black velvet to 
avoid reflection of light from the wmdow towards the photometer 

The choice of a suitable matenal for the window presents some 
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difficulty Since the function of the window is to enable the total 
flux received by its inner surface to be deduced from a measurement 
of the brightness of its outer face, it is clearly necessary that these 
two quantities shall bear a constant ratio to each other, no matter 
what the angle of incidence of the flux at the inner surface, , the 
window must give as close an approximation as possible to perfectly 
diffuse transmission.* This condition is very difficult to satisfy 
without reducing the transmission factor to an inconveniently small 
flgure Opal glsiss depohshed on the inner surface is often used, 
while two pieces of glass ground on their adjacent surfaces and on 
the surface forming the inner face of the window have also been 
employed (^) In any case the inner surface of the window should 
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be matt, and it should be absolutely flush with the inner surface of 
the sphere, otherwise part of the incident flux will fail to reach the 
window (see Pig 126, (a) and (6) ). The edges of the glass or other 
translucent material forming the window should be painted white 
so that as little hght as possible is lost by diffusion from them 

The material used should be one that cStU readily be cleaned. 
Purther, it must not alter the colour of the hght transmitted through 
it, and it must therefore be as non-selective as possible Opal glass 
usually shows a selective absorption at the blue end of the spectrum. 
If this matenal be used, it follows that the thickness should be tho 
minimum consistent with adequate diffusion of the transmitted 
hght It has been found that a thickness of less than 1 mm is 
generally sufficient (^^), or a flashed opal may be used. If ground 
glass be employed, the land of glass selected should be as colourless 
as possible A shght tinge of green may be corrected by placing an 

* Smoe the ■window is generally viewed m a constant direction it is more important 
that the brightness m a fixed direction should be independent of the direction of the 
incident fiux than that it should be the same at all angles of view (^^]. 
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equal thickness of clear glass of the same kind on the oompanson 
lamp side of the photometer In any case this artifice may be 
employed for the purpose of avoiding the introduction of a colour 
difference in the photometer head due to slightly selective trans- 
mission of the wmdow 

The Screen. — ^It has already been pomted out (see p 208) that 
one or more screens have to be placed in the sphere in order to shield 
the window (or area whose brightness is to be measured) from direct 
illumination by the source The size and position of the screens 
naturally affect the distribution of the flux within the sphere, and 
therefore exert a noticeable effect on the performance of the sphere 
as an integrator. It wiU be clear from Eig 127 that the first reflected 
hght cannot reach the 
window from the zones 
ac and hd , in the 
latter case because no 
direct light reaches this 
part of the sphere, in 
the former because the 
screen shields this por- 
tion of the sphere wall 
from the window. The 
influence of this on the 
window illumination 
can readily be calcu- 
lated as follows (^^) — 

The average illumi- 
nation of the sphere 
wall by both direct and 
reflected hght E = 

Edj{l — p), where Ed 
IS the average value of the direct component Hence E = Ed + pE, 
which shows that the reflected component is pE, By multiplying both 
sides of this equation by p the value of this component is found to be 
pEd + p^E, so that this expression represents the theoretical fllumina- 
tion of the window. If 8 represent the fraction of the total flux from the 
source which falls upon the screened areas, the actual illumination of 
the window is = (1 — 8)pEd + p^E, if the absorption by the screens 
of the flux in the second and subsequent reflections may be neglected. 
It follows that the departure from the theoretical value is W/pE = 
(1 - S) (1 - p) + P, or E' = pE {l — 8(1 - p)} If E, and E»' 
be the theoretical and actual values of window iQumination m 
the case of a sub-standard lamp for which the screened flux 
is Sg, Eg = pEg {l — Sa(l •— p)} The error introduced into a 
measurement by comparison with a sub-standard is therefore 
(E'/Eg) (EgjE) — 1 = (8, — 8)(1 — p) approx. This is zero when 
8 = Ss If the substitution method be used the screened areas 
are equal for both lamps, a, say, and 8 and 8, are then respectively 
equal to ad and adg, where 6 represents the ratio of the average 
illumination over the screened area to the average illumination over 
the whole sphere It should be noticed that the error dnmmshes 
as p mcreases (as might be expected a pnon), so that the paint 
used for the sphere should have a high reflection factor (see p 217) 
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Fig 127 — The Effect of the Screen within the Sphere 
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So long as the test lamp and the sub-standard give approximately 
the same distribution of hght (8 — Sg) is very small. Eor all other 
cases^ however, it is clearly desirable to reduce both 8 and 8, as 
much as possible. This can only be done by reducing the size of the 
screen and adjusting its position in relation to the lamp and the 
window. The minimum size of screen which can be used is fixed 
by the sizes of the source and of the window The latter must be 
completely shielded from all direct light, not only from the filament, 
arc crater, etc., but also from every part of the lamp structure which 
is to be regarded as contributing anythmg towards the flux emitted 
in the direction of the window For example, m the case of an 
incandescent lamp with a shallow translucent shade over it, not only 
the lamp filament, but also the whole of the shade, should be invisible 
from any pomt of the sphere wmdow. 

When the hght source is at the centre of the sphere, it has been 
calculated that the minimum value of the screened area is 
obtamed if the screen be placed at a distance from the lamp of from 
0 3 to 0*4 times the sphere radius If the screen diameter does 
not exceed one-sixth of the sphere diameter a = 0-12, and the 
error is therefore equal to 0 024 (0 — 0,)* if p = 0 8 Hence if an 
accuracy of 1 per cent be aimed at, (8 — dg) must not exceed 0 4, 
and a.s the value of Og is generally known, the limits between which 
9 must he are readily ascertamable. An approximate idea of the 
value of 6 may be obtamed from the spherical reduction factor ” 
of the source under consideration, if this be known (see p 88) In 
other cases the candle-power may be measured m the two horizontal 
directions concerned, and for aU sources but those of exceptional 
distribution the ratio of the mean of these two values to the m s c p 
as measured in the sphere will give a good approximation to the 
value of 0 If the sub-standard be a vacuum electric incandescent 
lamp (squirrel-cage filament), 0 = 0 78 (^®), so that the hmits of 6 
are then 0 4 and 1-2. 

When both test lamp and sub-standard are m the sphere together, 
it will be clear from Fig 123 that the areas screened by S and S' 
are different in area and differently placed, according as Lt oi Ls 
IS ahght. For accurate compensation it is necessary that the fraction 
of the direct flux from Lt which reaches the areas shaded by S and 
8' when that lamp is ahght should be the same as the fraction of 
the direct flux from Ls which reaches the areas shaded by these 
screens when Ls is ahght Compensation of this kind is difficult 
to arrange, and all that can generally be done is to have the screens 
as small as is compatible with efficient shielding of the wmdow, and 
to place them at distances from the lamps equal to between 0‘3c? 
and 0 4d, where d is the distance between the lamp and the 
wmdow (^®). 

The use of translucent screens has been recommended in order to 
compensate for the error due to shading by the addition of a certam 
amount of transmitted hght (®°) Although very good compensation 
may be achieved, for a given arrangement of source and screen, by 
suitably adjusting the transmission factor of the latter, the method 
may lead to results which are in considerable error if the distance 
between source and screen, or the hght distribution of the source, 
be materially altered from the standard arrangement (®^). A 
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reflecting screen with fohated black patches has also been devised 
with the object of producing compensation There is but little 
advantage to be gamed by the use of such devices, for the conditions 
which it has been shown to be necessary to fulfil when using an 
opaque screen are readily complied with in all cases likely to be met 
with in practice 

Effect of Objects within the Sphere. — ^It is clear that any object 
placed withm the sphere will not only disturb the distnbution of 
the reflected flux, but it will also reduce the amount of this flux if 
it receive direct light from the source. It will be convenient to deal 
with these two effects separately 

If A be the superficial area of the object relative to that of 
the sphere it can be shown that, the object receive no direct light from 
the source^ the average illumination of the sphere waU due to reflected 
light IS reduced m the ratio 1 1 + {a'A/a(l — a'A)}, where a and 
a' are the absorption factors of the sphere waU and. of the object 
respectively. For the total flux F from the source is equal to 
where Ed\^ the average direct illumination of the sphere waU F is 
also equal to the total flux absorbed by the sphere and the object 
Hence, if Eu be the value of the lUumination by reflected hght 
when the sphere is empty, F = 4t^R^aLEit + ^R^aiJEn When the 
object IS m the sphere, however, the flux absorbed by it is equal to 
the total reflected flux, 4mR^p{Ej) + Er)^ multiphed by a'A, so that 

F = ^R^aEji + 4frrR^^j{ + a'A . ^R\\ - a)(^?i) + Eil), 

From these equations it follows that 

EnlE^ = 1 + {a'4/a(l - oc'^)} ... (i ) 

If a' = a, the percentage reduction becomes approximately lOOA 
so long as a and A are both small. If, however, a' = 1, the percentage 
reduction is approximately lOOA/a 

If, now, the object receives direct hght from the source it is clear 
that the amount of flux lost due to absorption by the object is a'/co, 
where oj is the sohd angle subtended by the object at the source, and 
I IS the candle-power of the source m the direction of the object 
There is thus a further reduction of the illummation of the sphere 
walls m the ratio — a'o;/) • 477/^, ^ e , m the ratio 

{l-aW/47r7j 1 (11 ) 

The above expressions (i ) and (ii ) give an indication of the 
probable magnitude of the effect produced by any given object m 
a sphere photometer With regard to expression (i.) it must be 
remembered that, smce the distribution of the reflected hght is 
disturbed by the presence of the object, it can no longer be assumed 
that the lUummation of the sphere walls due to reflected hght is 
everywhere the same The above expressions only mdicate the 
average reduction m illummation The amount of the reduction at 
any particular region of the sphere due to a specific object must 
depend upon the proximity of that object to the region m question. 
For example, it has been found that with a disc of area A {le , super- 
ficial area 2 A) relative to the area of the sphere the percentage 
reduction of the lUummation of the sphere wmdow is about lOA 
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in the case of black discs, and about SA m the case of white discs 
(a' = a), when the source is in the centre of the sphere and the disc 
IS approximately half way between the source and the window 
These figures serTO to confirm the theoretical formulae deduced above 
if it be assumed that a = 0 2, and that I ^ It follows from 
these results that objects within the sphere should be painted a dead 
white m order to reduce as much as possible their effect on the 
illumination of the sphere wall by reflected hght 

It must not be forgotten that the lamp itself, particularly if it 
include reflectors or other opaque parts, must be regarded as disturb- 
ing the reflected flux, and therefore altering the illumination of the 
wmdow (®®). Those parts which do not receive direct hght from 
the actual luminous source (see footnote, p 208) should therefore be 
whitened, and, further, the correction calculated from the formula 
given above should be made except when a sub-standard of exactly 
the same type as the test lamp {% e , having similar shades, opaque 
parts, etc ) is available, so that all necessity for correction is avoided 
owing to exact equahty of the disturbing effect in the case of both 
test lamp and sub -standard Generally no such sub -standard is 
available, and the correction must be made. Prom the nature of 
the case, however, the amount of this correction is difficult to estimate 
with accuracy, and it has therefore been recommended that in cases 
where the correction is found to be large the simultaneous method 
of measurement should be used.* By this method sources may 
be measured for which the area of the opaque surfaces does not 
exceed one-fortieth of the area of the sphere. 

Even a simple electric mcandescent lamp without shade or 
reflector may cause appreciable absorption of light if the bulb be 
noticeably blackened (®’) Eor example, if such a lamp have an 
absorption factor in the smgle glass thickness (excludmg surface 
reflection losses) of 10 per cent , it follows from the formula given on 
p. 216 that the change produced in the illumination of the window 
is 1 per cent if the bulb be spherical and of radius one-tenth that 
of the sphere, the absorption factor of the sphere surface being taken 
as 0 2 If such a lamp be compared with a sub-standard m which 
the blackening of the bulb is neghgible, an error of 1 per cent will be 
introduced into the measurements 

As mentioned above, the uniformity of the (reflected) flux 
distribution over the surface of the sphere, postulated in the simple 
theory, is disturbed by the presence of an absorbmg object, and this 
disturbance is greater the nearer the object is placed to the surface 
of the sphere. It follows that the source to be tested and its auxiliary 
apparatus should be placed as near the centre of the sphere as may 
be possible having regard to other considerations (®®) 

Paint for Integrating Spheres. — ^It will be evident from the fore- 
going paragraphs that a satisfactory paint for integrating spheres 
should fulfil, as far as possible, the following conditions — 

{a) It should have a matt surface when dry (5») 

(6) It should be quite non-selective, so that the repeated reflec 


* If aU the surfaces in question are white, or con be whitened, the correction to be 
m^e IS approximately equal to the ratio of the area of these surfaces to the area of the 
sphere So long as this ratio does not exceed 1 per cent the substitution method mav 
quite safely be employed. ^ 
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tions within the sphere do not appreciably alter the colour of the 
light («o) 

(c) It should have a very high reflection factor in order to reduce 
the effect of the screens and other objects within the sphere (see 
p 213) A high reflection factor also assists in the diffusion of the 
flux within the sphere, and so helps to compensate for imperfect 
fulfilment of condition {a) (®^) 

{d) It should be easy to apply, tenacious, and permanent, 
particularlv as regards freedom from colour change with lapse of 
time 

Of these four requirements, the second and third are the most 
important So far no paint wJbch fulfils the other three conditions 
sufficiently for practical purposes has been foimd to be absolutely 
non-selective Many different pamts have been used by various 
workers, e g , Keene’s cement (®2), magnesium oxide, bar3rba with 
“ zapon ” lacquer (®^), and zinc wlute with various bindmg 
matenals 

Two formulae have been proposed as the result of careful investi- 
gation of the matter The first of these was put forward by the 
Verband Deutscher Elektrotechniker It consists of (a) a single 
coatmg of a body ” pamt made of lead white or baryta ground 
into a varmsh composed of equal parts by weight of copal and 
turpentme, and (6) three coats of cover pamt, made up as follows 
100 parts of zmc white are mixed with 8 parts of water, and 100 parts 
of the resulting water paint are then thoroughly mixed with 6 parts 
of a water glue consisting of 100 parts of fresh colourless cabmet- 
maker’s glue dissolved m 500 parts of water 

The paint used at the Bureau of Standards (®®) is a zinc-oxide 
paint prepared by slowly addmg 4 parts by weight of ZnO to a 
mixture of 1 part alcohol and 4 parts of a special cellulose lacquer. 
The mixture must be constantly stirred as the zinc oxide is added, 
and the stirring must be contmued for an hour or more until a smooth 
thick paste is obtamed This paste is thinned for use by slowly 
adding to it a mixture of about 2 parts alcohol and 1 or 2 parts of 
water-white turpentme The pamt as used is thinner than an 
ordmary oil pamt. It dries very quickly and must be brushed out 
as applied Contact with water must be avoided, as water coagulates 
the pamt The drymg should not be hastened by artificial means. 
About three hours should be allowed between the first two coats, 
and SIX or seven hours between coats after the second The special 
cellulose lacquer is made by dissolving 15 parts by weight of camphor 
in 100 parts of alcohol and then addmg 10 parts of colourless celluloid 
m small pieces, stirrmg constantly all the tune until the celluloid is 
completely dissolved This may take about ten or twelve hours 

The above formulae for the preparation of the pamt have been 
given m some detail, as it is necessary to renew the surface of a sphere 
qmte frequently The V D E. (®'^) recommends that repamtmg 
be done at least once a year, the surface paint being washed off with 
water, leavmg the body pamt untouched The period which is 
allowed to elapse between repamtmg must necessarily depend on 
the amount of use made of the sphere and the nature of the sources 
measured m it Flame sources and arcs, which produce a very 
marked upward current of heated air, soon cause a noticeable blacken- 
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mg of the top of the sphere. The fact that this blackening is more 
or less localised makes it far more important than a general uniform 
darkening of the whole surface of the sphere ; for if one portion of 
the sphere surface have a lower reflection factor than the remamder, 
the flux reachmg that portion will receive less than its proper weight 
in the estimation of the total flux. Hence, if the light distribution 
of the two sources compared be not exactly the same, an error will 
be introduced mto the measurements (®®) 

The extent to which any pamt is selective as regards colour may 
be tested quite simply on the photometnc bench (®®) Two lamps, 
adjusted to colour match, are placed so that one of them illuminates 
one side of the photometer directly, while the other lUummates a 
flat surface coated with the paint under examination The hght 
reflected from this surface illuminates the other side of the photo- 
meter, and the difference in colour introduced by the pamt is seen as 
soon as adjustment to equality of brightness has been made. 

If the spectral distribution of the hght given by the test lamp be 
the same as that of the light from the sub-standard, selective reflec- 
tion by the sphere surface is ummportant, but in all other cases 
an error is mtroduced of a magmtude which depends on the difference 
between the colours of the hghts to be compared. The amount of 
the error committed m comparing two sources giving respectively 
lights which match a black body at two different temperatures may 
be determined by means of an electric moandescent lamp. The 
candle-power of the lamp is measured m any convenient siTigle 
direction at two different eflGiciencies, viz the efficiencies at which 
it gives lights of the colours in question. The mean spherical candle- 
power IS then measured at the same two efficiencies and, since it may 
be assumed that the ratio of the mean sphencal to the fixed direction 
candle-power is unchanged by the change in efficiency, it follows 
that the difference between the ratio of the mean spherical candle- 
powers and the ratio of the smgle-direction candle-powers is the 
error due to the selective absorption of the sphere surface This is 
clearly equal to the error which would be made in comparing two 
lamps giving respectively hghts matching in colour the hght given 
by the electric lamp operating at the two efficiencies used in the 
experiment 

If it can be assumed that, to the order of accuracy necessary in 
the case of a correction factor, the colour of the sphere surface is 
continuous throughout the spectrum, i.e., that its only effect is to 
alter the colour temperature of the light it reflects, then aU necessity 
for correction may be removed very simply by placmg over the sphere 
window a colour filter (e , a Wratten photometric filter) which is 
just sufficient to neutralise the colour of the sphere surface. In 
general it will be found that No 78 0 (see p. 243) is suitable, since 
the coloration is generally in the direction of a lower colour tempera- 
ture A lamp, previously colour-matched with the comparison lamp 
on the photometer bench in the ordinary way, is placed inside the 
sphere, and the colour filter is moved across the sphere wmdow until 
a colour match is obtamed in the photometer head The arrange- 
ment of wmdow, filter and photometer head is then left undisturbed 
and photometnc measurements are made as if the sphere surface 
were perfectly non-selective (’O). 
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Laboratory Spheres. — It -will be seen from the foregoing para- 
graphs that the requirements which should be met m a satisfactory 
sphere are very exacting, and, as is so often the case, they are to a 
certam extent incompatible with ease of construction and con- 
vemence m use It follows that the exact form of construction 
adopted for a sphere must depend on its size and the nature of the 
work for which it is intended Spheres more than 1 metre in 
diameter are frequently made to divide into two parts along a 
meridian, the halves being mounted on rollers so that they can be 
readily separated for repamting The lamps may be introduced 
into the sphere through an opening at the top, or a door of segmental 
form may be provided at the side The 88-mch sphere at the Bureau 
of Standards is not divided, but is built up on a steel network -with 
reinforced concrete, fimshed ofE inside to a truly sphencal surface 
At the top IS a large circular hole, 23 inches m diameter, covered with 
a flat wooden disc which can be lowered from above in annular 
sections, so that a lamp can be lowered mto the sphere from above if 
desired On one side of the sphere is a hmged segmental door of maxi- 
mum dimensions 37 X 16 5 mches Opposite the door is the wmdow, 
of depohshed opal glass, which is arranged to form one comparison 
surface m the photometer head (see Fig 124), the other bemg a 
piece of similar glass illuminated by a comparison lamp which 
travels along a 1 5-metre bench. The lamp socket is carried on hmged 
rods so arranged that lamps can be readily brought to the door of 
the sphere for changing, and can then be returned automatically 
to their correct position within the sphere At a pomt about 27 inches 
(0-6 J2) in front of the wmdow are two vertical rods which hold a 
runner for carrying the screens. These are of four sizes, mz y 11 , 21, 
30 and 38 cm in diameter 

For work in a laboratory where a large number of lamps have 
to be measured in rapid succession, it is essential to use a sphere 
designed m such a way that as little time as possible is lost m changing 
lamps. Since the size of the sphere used in such circumstances does 
not generally exceed about 1 metre m diameter, it may convemently 
be constructed of zmc or of sheet steel A convement arrange- 
ment for changing the lamp is the double door device shown in plan 
m Fig 128 (’®). When this door is swung anti-clockwise around its 
central vertical axis, so that lamp A is in the sphere and ready for 
measurement, lamp B can be removed from its socket and a fresh 
lamp C can be put m its place. As soon as the measurement on A 
is completed, the double door is swung round clockwise so that C 
is now m the sphere. Another lamp D can then be substituted 
for A * 

The sphere vdndow at W is of difEusmg opal glass and is covered 
with a small hemisphere A second window m this hemisphere acts 
as one of the comparison surfaces in the photometer head, which is 
of the Lummer-Brodhun type For mcreasing the range of the 
instrument, diaphragms are placed over W inside the hemisphere. 
Some of these are provided with colour filters for use in the measure- 

* A somewhat similar device is that Bhown in Pig 120, which is self-explanatory 
The cylinder C, oarrymg three identical sphere segments, can be rotated about its axis so 
that, while one lan^ is being measured, the lamp just finished with, ii. can be removed 
and a new lamp, jOg, can be inserted ready for measurement (^®). 
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ment of gas-filled lamps, the comparison lamp L bemg a vacuum 
lamp L IS enclosed in a traveUing box m which the side facing the 



Fig 128. — ^Double Door Device for Rapidly Changing Lamps in the Sphere 


photometer is covered with one or more sheets of translucent glass, 
which therefore become the real comparison source The box is also 



Fig 129 — ^Lamp Changing Device 


provided on one side with a small window and vertical cross -wire. 
The shadow of this wire is formed on a vertical translucent glass 
scale placed at the side of the bench, and this device is used to give 




Pro 130 . — The Sphere Photometer Room. 
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the position of i, just as in the Sharp-Miliar lUumination photometer 
(see p. 348) The bench is arranged as shown diagrammatically m 
the plan, so that the operator whose duty it is to change the lamps 
in the sphere can also take the readings on the bench A second 
operator stationed near W adjusts the balance m the photometer 
head by moving L. 

Fig. 130 shows on the left a 1-metre sphere used at the National 
Physical Laboratory In this the lamp is earned at the end of a rod 
passing through a small segment of the top of the sphere which can 
be raised, withm a framework attached to the sphere, by means of 
a cord and counter-weight attachment carried on puUeys at the top 
of the framework 

Instead of using the inverse square method of varying the 
lUummation on the comparison lamp side of the photometer, a 
second smaller sphere may be employed on this side, and the illumma- 
tion may be vaned by continuous alteration of the surface of the 
diffusing window of this second sphere For work to commercial 
accuracy a lamp m a whitened cube provided with a wmdow of 
adjustable area may be used as a comparison source ('^®) Such a 
cube is shown m front and side elevation in Fig 131. Over the front 




I 2c/7FS\ 

Fig 131 — A Oompanson Source of Adjustable Candle-power for Use with, a 
Photo metno Integrator 

of the diffusing window W moves a shding shutter JS with a wedge- 
shaped opening, so that the breadth of TF is changed in proportion 
to the linear displacement of S. S bears a hnear scale of candle- 
powers, and adjustment to a constant of umty is achieved by means 
of two horizontal bands B, B, which are carried on straps pivoted 
about their centre pomts A, A, and which move over the inner face 
of the window W The height of W can thus be adjusted, without 
altermg the position of its centre, by simply altenng the mclination 
of the straps bearing the bands B, B. 

Measurement of Flame Sources. — ^When flame sources are 
measured m a sphere, it is necessary to arrange efficient ventilation, 
and this can only be done by the provision of at least two openings, 
one near the bottom and another at the top of the sphere. If very 
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small openings bemused, efficient air supply can only be ensured by 
means of a forced draught, and this is liable to create undesirable 
air currents, with consequent disturbance of the flame Too large 
an opemng leads ^ to a senoue departure from the theoretical con- 
ditions governing^ the distribution of the reflected light, since an 
opening must be reg^ded as an area of zero reflection factor It 
IS clear that if this ar^ relative to the total sphere area be A, and if 
the average value of the'^direct illumination on this area be U'd, while 
that on the remainder of the sphere wall is Ea, then the illumination 
of thp window is reduced from -{(1 — A)Ed + AE'd}pl{l — p) to 
{(1 —A)Edp}l{l — (1 If E'dlEd = 0, the magmtude of 

the error is therefore 

A{d + p(l - 0)(1 - - p{l -A)}{1- A{1 - 6)} 

If -4 be small (< 0*01, say) this is approximately equal to 
P(I “■ ^)}/(l p)> which, when p = 0 8, becomes A[d 4), 

so that if the error due to the apertures is not to exceed 1 per cent , 
their total area A must not be more than 0*002 This, m the case 
of a sphere of 1 metre radius, allows two circular holes, each of 
about 12*6 cm diameter, assummg that 6 is not much greater than 1, 
% e , that the directions of maximum candle-power of the source are 
not directed towards either aperture. It must be remembered that 
the actual error of a measurement made by either of the methods 
described on^j/^O'^Sf above IS much less than that just calculated 
so long bom test lamp and sub -standard are measured with the 
sphere in the same coijdi^n, t e., so long as the apertures remain 
the same for tl^e mea^eiS^t of both Bs and Bt- The error may be 
diminished still lurther by placing a whitened ^orjeen -over the 
aperture, but at a sufficient d»stmce^J^m to "allow adequate 
ventilation (’®). This* sqpfto sfibuld be of such a size and so placed 
as to prevent the apertjS&e from receiving any direct light from the 
source The whole ,of' th«Jilost flux is then reflected flux, and its 
amount bemg cl^feely ^oportional to the illumination of the wmdow, 
the error introduced into the measurements is very small 

Sub-standards. — ^Prom the description (p 207) of the methods 
employed for the measurement of mean spherical candle-power by 
means of the integrating sphere, it will be clear that this instrument 
cannot be used to obtam absolute values of m s c p. without the use 
of a sub-standard measured by some absolute method, such as one of 
those described earlier in this chapter The type of source generally 
chosen for a sub-standard is naturally that most readily measured 
by absolute methods, viz a vacuum tungsten filament electric lamp. 
Such a lamp can be rotated without change of candle-power, and 
an accurate measurement of its mean spherical candle-power 
can therefore be obtamed m comparatively few measurements 
by one of the methods described on p. 204 (^o) For the 
measurement of gas-filled lamps a blue colour filter may be used on 
the comparison lamp side when the test lamp is m the sphere. The 
transmission factors of these filters are measured at the standardising 
laboratory, as described on p 263. Unless the sphere paint be quite 
non-selective there will be an error in the measurements made by 
this method, as explained on p 218 above The amount of this error 
may be determined by the method there described. The error may 
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be avoided by using gas-filled lamps as sub-standards, although 
these lamps cannot be rehed upon as regards constancy of candle- 
power to the same extent as vacuum lamps Since the absolute 
measurement of the m s.c.p. of gas -filled lamps is a very tedious 
process, it is usual to measure them m the sphere by oompanson 
with a sub-standard lamp of the vacuum type Since this comparison 
involves a colour difference, it should generally be carried out at the 
standardising laboratory 

When using the method m which both sub-standard and test lamp 
are in the sphere together, the sub-standard and screen 8^ (Pig 1236) 
must be regarded as a smgle umt, and the mean spherical candle- 
power of the combination must be found by an absolute method. 
Similarly, in the deternunation of mean hemispherical or mean zonal 
candle-power by the substitution method (p 224, tnfra), the sub- 
standard and screen H (Pig 133) must be measured as one umt 

Measurement of Mean Hemispherical Candle-power. — By a 
smtable modification of the methods described above for the measure- 
ment of mean spherical candle-power the sphere may also be used 
to measure the mean hemispherical or mean zonal candle-power of 
a source (see p 87) In the case of the former measurement it is 
generally the lower hemisphere that is in question The source is 
inserted in an opemng at the top of the sphere as shown m 
Pig 132 (®^) The radius of this opemng must be at least twice that 
of the smallest sphere which 
will contain the Light source, 
but must not exceed about 0 5 
i2, where JR is the radius of the 
sphere (®^) It should be either 
totally uncovered, or else 
covered with a surface 
blackened on the under-side. 

The screen 8^ placed over the 
sub-standard lamp must be 
sufficiently large to screen the 
whole of the opening or 
blackened surface from the 
direct hght from this lamp. 

The measurement is then 
made in the usual way, the 
reading obtamed with the 
test lamp bemg doubled m 
calculating the mean hemi- 
spherical candle-power of Lt 
from the mean spherical candle-power of since m h s c p = 
(lumens)/27r 

A less accurate method is that illustrated m Pig 133 (®®) The 
source is surrounded by a box screen H, which, bemg blackened on 
the inside, absorbs all the hght from the source except that emitted 
in the hemisphere or zone for which measurements are desired 
This screen must be whitened on the outside, but even so it disturbs 
the distribution of reflected flux m the sphere to a degree depending 
on its size, so that this method should only be used in the case of 
small sources. 


light 

ootirce 



jUltnjdotu 


Fig 132 — ^The Measurement of Mean 
Hemisphenoal Candle-power 
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A similar arrangement may be used in makmg measurements by 
the substitution method The screen H used with the test lamp in 

the sphere is placed 
over the sub -standard 
so that the hght from 
it IS absorbed exactly 
over the same zonal 
areas as m the case 
of the test lamp The 
mean spherical candle- 
power of the combina- 
tion of sub-standard 
and screen is then 
measured as described 
on p. 204, and the 
value thus obtained is 
multiphed by the ratio 
where Bt and 
Bs are respectively the 
brightness of the sphere 
wmdow when the test 
lamp and the sub-standard are placed in the sphere, each being 
shaded by the screen H, 

It is clear that, with a source of finite dimensions, a sharp cut-off 
at the edge of a given zone can only be obtamed when the screen is 
large compared with the dimensions of the hght source. In the same 
way, accurate delimitation of the hemisphere can only be obtained 
by the method illustrated in Pig 132 when the radius of the opening 
is large, and as this is hmited by other considerations to a maximum 
of 0 6 jR, it follows that the diameter of the sphere used for the 
measurement of mean hemispherical candle-power of a source must 
be at least eight times the diameter of the source Exact positiomng 
of the source with reference to the edge of the opening is necessary, 
and an auxihary photometer has been devised (®^) for determining 
the photometric “ centre of gravity ” of a source of light This 
piece of apparatus is shown m section in Fig 134 The light from 


p, 



Fig. 134 — The Photometric Centroid Finder 


the upper and lower parts of the lamp respectively illuminate the 
two sides of the Bunsen screen 3, which is placed at a distance rVs 
from the source, where r is the radius of the circular opening at the 
top of the sphere The two sides of the screen are seen in juxta- 
position at 0 by means of the mirrors and the pnsms P^, 

When a balance has been obtamed the eye is shifted to 0^ or 0^, 



Xllitidow 


Fig 133 — ^The Measurement of Mean Hemiaphenoal 
or Mean Zonal Candle-power 
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and then sees the source directly with the screen aS^ as a honzontal 
black line dividing it into two parts The position of the line on the 
source is noted, and the latter is then placed in the sphere so that 
this line lies in the plane of the edges of the sphere opening. 

Non-Spherical Integrators. — Certain disadvantages attendant on 
the spherical form, notably the difficulties of construction and the 
awkwardness of standing any object in a sphere, have led to sugges- 
tions for a modification of form. Of the regular polyhedra, the 
simplest to construct is the cube, and this form of mtegrator has, 
therefore, received considerable attention (®®) 

It is clear that, if a hght source be placed in the centre of a cube, 
and if a window be provided at the centre of one of the sides, the line 
joining the source and the window forms an axis of symmetry of 
the apparatus and, by means of four imaginary planes passing 
through this axis, the cube can be divided into eight portions, each 
of wmoh 18 similarly situated with respect to the source and the 
window (see Fig. 136). It follows that the flux reflected to the 



Pig. 136 — Symmetnoal Division of a Oubioal Integrator. 


window from any given area in one of these eight portions will be 
exactly equal to the flux reflected to the window from an equal and 
equally bimht area similarly situated m any of the other seven 
portions. Thus if a light source had a flux distribution such that its 
candle-power was uniform (but not necessarily the same) in each 
of the eight angular regions defined by the four imagmary planes 
above mentioned, the reflected flux received at the window would 
be proportional to the mean spherical candle-power of the source. 
It follows from this general consideration of the problem that the 
best position for a source in an mtegrating cube is at the centre of 
the cube, with its axis of symmetry perpendicular to the hne joming 
the source and the window. 

The amount of flux received at the window as a result of the 
incidence of a given amount of flux at each part of the cube surface 
has been determined empirically (®®), and, using the results thus 
obtained, it is possible to calculate for any source of which the polar 
curve is approximately known the error which will be made in 
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comparing it with a source of some other known flux distribution. 
The results of this calculation applied to typical light sources m 
common use are given in the table below . — 

Table showing the Errors or Measurement due to the 
Use of an Integrating Cube fob certain typical Light 
Sources. 


Ligtt Source 


Polar Curve jj g „ oui,e 
Type M Fig. (Relative to 
Point Source) 


Point source . 

Electric incandescent lamp (vacuum, 
squirrel-cage filament) 

Electric lamp (gas-fiUed, ring filament) 
Gas lamp (upright mantle) 

Gas lamp (inverted mantle) 

Arc lamp ... 


— 

1 00 

A. 

0 99 

B. 

1-006 

A. 

0 99 

G 

1-05 

D 

0 965 


N B . — ^The above figures have been calculated on the assumption 
that (a) the source is placed at the centre of the cube, with its axis 
of symmetry vertical, and (6) the reflection factor of the cube smiace 
is about 86 per cent. 

As a compromise between the simple cube and the sphere, the 
proposal has frequently been made to use a cube in which the corners 

are blocked out so as to 
form a fourteen - sided 
polyhedron (®’) Experi- 
ments have also been made 
with a rectangular box 
modified in this way (®®), 
and on the regular icosa- 
hedron ( ) . Another form 
of integrator which has 
been used is a hemisphere, 
either open, or closed with 
a plane cover (®®). The 
statement has been made 
that the form of the inte- 
grator IS not of great 
importance, but this is 
mcorrect, except when the 
light distribution of the 
test lamp is identical with 
that of the sub-standard. 
In all other cases no 
adequate theoretical treatment can be given, but from the general 
principles outlined in previous sections it may safely be concluded 
that the inaccuracy increases with [a) the difference in hght distri- 
bution between test lamp and sub-standard, (6) the departure of 
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the integrator from the true 
spherical form, and (c) the 
absorption factor of the inner 
surface of the mtegrator. The 
departure from the theoretical 
flux distribution due to the 
presence of foreign objects is 
also greater in the case of a 
non-spherical mtegrator, and it 
IS probable that lack of perfect 
diffusion from the inner surface 
would be more important than 
in the case of a sphere (^^). 

A modified form of hemi- 
spherical integrator has been 
devised for the measurement of 
large sources (®^) This consists 
of a whitened hemisphere ABC 
(Fig 137) with a translucent 
wmdow at B, S is a special 
form of compensating screen, 
which IS of such a size and so 
placed as to shield the window 
completely from the open face 
of the hemisphere. The side of 
S facing the wmdow is a convex 
mirror with a central black 
foliated pattern, as shown in 
Fig. 138 The wmdow receives 
hght from any pomt P of the hemisphere, both directly and by 
reflection in jS, and the shape and dimensions of the fohated pattern 

are determined empi- 
rically, so that a given 
amount of flux reach- 
ing the hemisphere 
produces the same 
effect on the window 
B, no matter to what 
part of the hemisphere 
this flux may be 
directed The source 
IS placed with its axis 
in the plane AG, and 
two measurements are 
made, the source being 
turned about its axis 
through an angle 
of 180° for the 
second measurement. 
The “si multaneous 
method” of measure- 

ViQ, 138 — Compensating Screen for the Hemi- ment ^ 

spWToai Integrator IS clear that this form 



ffia. 137 — ^The Hemiaphencal Integrat- 
ing Photometer. 
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of integrator lends itself readily to a measurement of the total 
flux in the beam of light given by a projector (see Chapter XIV , 
p. 422) 

Greneral Conclusions regarding the Practical Use of a Sphere. — 

While it IS diflcult to lay down any definite rules regarding the 
employment of an integrator for the practical measurement of the 
mean spherical candle-power of a source, the following general 
principles may be regarded as of fairly wide application to such 
problems as are met with m ordmary photometric practice where an 
accuracy of 1 to 2 per cent, is aimed at . — 

(1) The integrator should preferably be spherical in form, and 
the closer the approximation to the spherical form the more certainly 
is it possible to calculate the magnitude of the error hkely to be 
made in measurements under any given set of conditions. 

(2) The integrator must be coated internally with a paint which 
dries with a smface which has a high reflection factor and is as 
matt and as non-selective as possible. The surface must be renewed 
at frequent intervals, a year being the maximum period allowed to 
elapse between re -painting 

(3) The true substitution method of measurement is preferable 
to the simultaneous method, but it demands a larger mtegrator 
When the true substitution method is used the ratio of the surface 
area of the mtegrator to that of the light source (including any 
surfaces, such as shades or reflectors, which affect the hght distribu- 
tion of the source under normal working conditions) should be not 
less than 100 times the ratio of the absorption factor of these surfaces 
to the absorption factor of the sphere surface. When the simul- 
taneous method of measurement is used, the ratio of the surface area 
of the integrator used to that of the test source and its auxiliary 
apparatus may be as low as 40. 

(4) Any auxiliary parts of the light source which it is necessary 
to have in the sphere (excludmg the surfaces which affect the hght 
distribution of the source under working conditions) should be 
pamted white or covered with a white material. 

(6) The window should behave as nearly as possible as a perfect 
diffuser for transmitted hght, it should be non-selective, and its 
inner surface should be matt and flush with the inner surface of the 
sphere Its diameter should not exceed one-tenth of the diameter 
of the sphere, and may with advantage be smaller than this. 

(6) Each screen should be just large enough to shield the window 
from the direct hght coming from any part of a source (either test 
lamp or sub-standard) which contributes to the total flux from that 
source under ordmary working conditions, e g , hght from a reflector, 
frosted globe, cic., must be prevented from reaching the window 
directly by mterposmg a screen Screens should be pamted with 
the same material as that used for the sphere surface, they should 
not be larger than is necessary to shade the window completely, and 
they should preferably be placed at a distance from the source equal 
to about one-third of the distance between the source and the wmdow 

(7) The sub-standard, used should, if possible, have a light 
distribution which is similar to that of the test source. If this can 
be arranged, the true substitution method can be used and the 
errors due to non-comphance with recommendations (1), (2), (6) and 
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(6) are much, reduced. Where this is impossible, as m the mea-sure- 
ment of sources giving a concentration of light in certain directions, 
the test source should be so onented that the regions of maximum 
illummation of the sphere are visible from the wmdow, and the 
simultaneous method of measurement is generally preferable. 

(8) When the true substitution method is employed, the source 
should be placed as nearly as possible at the centre of the sphere. 
When the simultaneous method is used, the two sources should be 
placed symmetrically with respect to the sphere wmdow, and not too 
close either to each other or to the surface of the sphere. 

(9) When the cube or fourteen-sided polyhedron is used instead 
of the sphere, the hght source should be placed in the centre and 
should have its axis of sjmimetry perpendicular to the hne jommg 
the window of the integrator and the source The wmdow should 
be in the centre of one side, and not at an edge or comer 

Too much emphasis cannot be placed on the fact that the above 
rules are only generalisations, and any attempt to apply them 
universally without an mteUigent appreciation of the theory of the 
sphere is certain to lead to large errors m particular cases The 
integrating photometer is an instrument of the utmost value when 
properly used, but its unintelligent application may easily be 
attended by unsuspected errors quite outside the limits of accuracy 
of ordinary photometric measurement 

The sphere has been apphed to several problems in photometry 
other than the measurement of candle-power. Some of these 
apphcations wiQ be described in Chapter XIII , pp. 378 and 390 
It can be used, m conjunction with a lamp, as a comparison source 
of adjustable candle-power, since the flux emitted from a window 
in the sphere is stnctly proportional to the area of the window 

BIBLIOaEAPHY. 

G-ENEEAIi. 

E Liebenthal Articles “ Lichtstarken-Mittelwerte ” and “ Lichtstiom- 
messer ” m “ Physikaksches Handworterbuch (Springer, Berbn, 1924 ) 

Measurement op Total Flux 

A Blondel. Soc Int des Elect , Bull 4, 1904, p. 659 , Eel. El , 42, 1905, 
p 66 , El World, 47, 1906, p 1163 , Z. f Bel , 12, 1906, pp 129, 139 and 149 

G B Dyke lUiim Eng , 3, 1910, pp. 31 and 265 

Photometric Integrators 

R Ulbncbt. “ Das Kugelpbotometer ” (Oldenbonrg, Munich and Berlin, 
1920,) 

E. B. Rosa and A H Taylor. Bureau of Standards, Bull, 18, 1922, 

p. 281. 

REFERENCES 

(1) See, eg fli Bell, Astrophys J , 46, 1917, p 1 , J TeiohmuUer, Lioht u Lainpe, 2, 
1913, pp. ^2 et aeq 

(2) Kee Report of Frank. Inst Committee, J , 90, 1885 (supplement) 

C Heim E T Z , 7, 1886, p 384, and 8, 1887, p 414 , Z f 1 , 7, 1887, p 35 

H Kniflfl E TZ , 8, 1887, p 366 



230 


PHOTOMETRY 


E Rousseau Comptes Rendus des Travanx du Oomit^ Int des Essais Eleotriques 
de I’Exposition d’Anvers, 1885 ; L’Eleotnoit6 k rEsposition Umv d’ Anvers, iSSS, 
p 233 

P H Ledeboer Lum El , 26, 1887, p. 68. 

(3) It has been found that the candle-|>ower of a gas-dlled eleotno moandesoent la^ 
IS higher when the lamp is mounted “ tip-up ” than when it is pendent. See G W. 
MidfiekauE and J P Skogland, loc c%t , note (16), vrdra 

(4) P W Hartley Electrician, 11, 1883, p. 76 , Lum El , 10, 1883, p 68 ; J of Gas 
Lightmg, 41, 1883, p. 1008 , Lum. El , 31, 1889, p 220 

W J Dibdin Soo Chem Ind , J , 3, 1884, p 277, and 4, 1885, p 260 ; J. of Gas 

Lightmg, 44, 1884, p 69 , Lum El , 31, 1889, p 220 

S Elster J G W , 30, 1887, p 1094 ; Oentralbl f Elektrot , 10, 1888, p 33 , Lum 
El , 27, 1888, p 85 

H Kruss. Oentralbl f. Elektrot , 10, 1888, p 117 , E T Z , 8, 1887, p 366 , Z f I , 

8, 1888, p 70 , Oentral-Ztg f. Opt u Mech , 9, 1888, p 74 , J G W., 30, 1887, p. 1146, 

and 39, 1896, p 266 , Z f 1 , 9, 1889, p 33 
P Vogel B T Z , 8, 1887, p, 31 
E Liebenthal “ Prakt Phot p 287 
D Goglievma. Der Gasteohniker, 7, 1887, p 193 

(6) The surface of the mirror would, naturally, be perpendicular to the photometer 
screen shown m Pig 112. 

E Voit and H Krfiss Lum El , 7, 1882, p. 402. 

A. Palaz “ Photomdtrie,” p 170 (190). 

E Liebenthal “ Prakt. Phot ,” p 288. 

(6) See p 113, andP Uppenbom, E.T Z , 11, 1890, p 138 , Z f 1 , 10, 1890, p. 334 
“ Lehrbuoh d. Phot p 263. 

On the determination of the reflection factor of a mirror, see chap XIII , p. 381. 

(7) A. Blondel Eol El., 2, 1895, p 386 

(8) A. P Trotter Inst El Eng , J , 21, 1892, p 360 

P. Laporte Eol El , 20, 1899, p 302 ; Soo Int des Elect , Bull , 16, 1899, p 288 
0 P. Matthews El World, 36, 1900, p 824 , Am Gas Light J , 73, 1900, p 371 
L W Wild Hlum Eng , 2, 1909, p 193 

G H Stickney and S L E Rose. Ilium Eng Soc N Y , Trans , 6, 1911, p 641 , 
Am Gas Light J , 96, 1911, p 210 

(9) P von Hefner -Alteneok E T Z , 4, 1883, p 446 j Lum El , 10, 1883, p 498 

E P Hyde and P E Oady Bureau of Standards, Bull , 2, 1906, p. 416 , El. World, 
48, 1906, V 966 , E T Z , 29, 1908, p 83 

(10) E Brodhun See E. Liebenthal, “ Prakt Phot ,” p 227 

M Sohanzer [K Saton] E u M , 31, 1913, p. 442 , Z f 1 , 34, 1914, p 62 ; Elec- 
trician, 71, 1913, p 863 , El World, 62, 1913, p 663 

H. Krllss J G W., 66, 1912, p 1148 , Z f Bel , 18, 1912, p 421 
A Vemon-Haroourt El. Rev , 23, 1888, p 39 , Lum El , 29, 1888, p 286 , Elec- 
trician, 21, 1888, pp 412 and 474 ; El World, 12, 1888, p 169 , J of Gas Lighting, 62, 

1888, p 118 

0 0 Col^ and 0 M Doohttle Ulum Eng Soo N Y , Trans , 18, 1923, p 273. 

(11) H Kjflss J G W , 41, 1898, p. 263, 60, 1907, p 1017 , J of Gas Lightmg, 100, 

1907, p 901 , Z f 1 , 37, 1917, jp 33 o- > 

M Herschkowitsch. J.G W , 44, 1901, p 660 , Z f Bel , 7, 1901, p 321 , Z. f . I , 
21. 1901, p 366 

Van R. Lansmgh Am. Gas Light J , 86, 1906, p 92 

(12) H Kruss Central-Ztg f. Opt u Mech , 8, 1887, p 86 , Der Gasteohniker, 7, 
1887, p 241 

R W. WiUiamson and J. H. Klmok Frank Inst , J , 149, 1900, p 66 
S L E Rose Ilium. Eng Soo N Y , Ttans , 8, 1913, p 379 
See also Ilium Eng , 3, 1910, p 606 

(13) Alternatively a simple linkage may be used to ensure that L remains upright as it 
moves round M, 

(14) This formula assumes that distances are in mm , and that the values of do have 
been based on a standard illumination of ten metre-candles at the photometer surface 

(16) Smoe the light is mcident on the gloss at an angle of about 46°, the true correction 
for mirror thickness is 2 i seo0/w where sm 0 = (sm 46°)/7i 


This equals 2 f 



71* — - which, forn = 1 6, reduces to 1*61 1. 


(16) It has been found that at constant voltage, both the ouirent oonaumed and the 
candle-power are different when a gas-filled electric incandescent lamp is rotated, the 
current and candle-power changes being always m opposite directions The direction of 
the change depends on the sp^ of rotation and the type of lamp The candle-power 
change may be as much as 16 to 20 per cent See G. W Middlekauff and J F. Skogland, 
Bureau of Standards, Bull , 12, 1915, p 687 ; EL World, 64, 1914, p 1248 ; Eleotrioian, 



MEASUREMENT OF FLUX 


231 


77, 1916, p 262 , E T Z , 39, 1918, p 128 , Z. f Bel , 22, 1916, p 111 , Lmn El , 34, 
1916, p 89 ; Rev G6n de I’Bl , 1, 1917, p 127 

See aJflo D H. Tuck, El World, 66, 1915, p 78, and 0 H Sharp, Ulum Eng Soo 
N Y , Trans , 9, 1914, p 1021 , El World, 64, 1914, p 992 

(17) Though the m s o p is not the mean of the values of oandle-power thus measured 
(see^ 91, and J Abady, J of Gas Lighting, 87, 1904, p 108) 

C Hering Ulum Eng Soo N Y , Trans , 4, 1909, p 364 

(18) E Brodhun. Z f 1 , 16, 1895, p 337, 

J S Dow and V H Mackinney Optical Convention, Proo , 1912, p 70 ; Eleotrioian, 
69, 1912, p 691 , J of Gas Lighting, 117, 1912, p 277 , E T Z , 34, 1913, p 129 

0 H. Sharp Ilium Eng , 6, 1912, p 264 

J. W Roper J of Gas Li^tmg, 129, 1915, p. 143 , Am Gas Light J , 102, 1915, 
p 178 

See also P Devigue, Z f Bel , 20, 1914, p 241 

(19) E Rousseau L’Ingemeur Conseil, 6, 75^4, p 261; Oomptes rendua dea travaux 
du Comit6 international des esaais electriques de PExpoaition d’Anvers, 1885, p 86 , 
L’Eolairage k TExposition Umverselle d’Anvers, p 233 , Lum El , 26, 1885, p 60 

H KiSsa E T Z , 8, 1887, p 366 , Centralbl f Elektrot , 9, 1887, p 746. 

F Vogel ETZ,8, 2<S57,p 31. 

(20) J A Fleming Inst El Eng , J , 32, 1902, p. 119 , Z f Bel , 9, 1903, pp 377, 
389, 401 and 416 , Eleotrioian, 60, 1903, p 481 , Industria, 17, 1903, pp 117, 161, 221, 
236 and 260 

See also F W Carter, El Rev , 47, 1900, p 197 , J of Gas Lighting, 76, 1900, p 904 , 
Bnt Patent, No 8,704 (1900) 

(21) The direction 46° below the horizontal has also been proposed (A J Rowland, 
Frank Inst , J., 160, 1900, p 241 , Electrician, 46, 1900, p 362) 

(22) BTZ, 31, 29i(?,p 302, 32, 2P21, p 402; JGW, 63, 1910, p 786 , Z f 
Bel , 16, 1910, p 299 , British Standard Specification for Tungsten Filament Lamps 
(No 133) 

(23) W MoUer E T Z , 6, 1884, pp 370 and 406 

(24) A Crova Gongr^ des Electrioiens, Pans, 1889, Cr, p 206, Lum El, 33, 
1889, p 476 

C P Matthews Phys Rev , 6, 1898, p 66 , J de Phys , 7, 1898, p 443 

(26) Am I E E , Trans , 14, 1897, p. 90 (carbon lamps) , Nela Convention, Proo , 
1897 n 399 

E P Hyde and F E Cady El World, 48, 1906, p 966, and 49, 1907, p 1200, 
Blum Eng (N Y ), 1, 1907, p 889 , Bureau of Standards, Bull , 3, 1907, p 367 , Elec- 
trician, 60, 1907, p 220 , Eel El , 60, 1907, p 289 

C Paulus. Z. f Bel , 14, 1908, pp 196 and 206 , JGW, 61, 1908, p 933 

(26) J. of Gas Lighting, 104, 1908, p 33 

S E Liebenthal “ Piakt Phot p 332 (See also Z. f. I., 19, 1899, pp 193 and 226) 
F Uppenbom E T Z , 28, 190% pp 139 and 108 , Electrician, 69, 1907, p 87 , 
Eel El , 60, 1907, pp 436 and 460 , 61, 1907, p 140 

(29) See British Standard Specification for Electric Lamps, No 161, 1924 
H Armagnat Rev G6n. do TEl , 3, 1918, p 603 

J T Maegregor Morns and others Blum Eng , 10, 1917, pp 7, 10, 69 and 61 , 

El Rev , 80, 1917, p 401 , Gas J , 137, 1917, p 100 , Electrician, 78, 1917, p 627 
P Eitner J GW , 67, 1914, p 666 , J of Gas Lighting, 127, 1914, p 99 
G Zevi Elettroteomoa, 11, 1924, p 612 

(30) See, e g , Nela Convention, Proo., 1897, p 399 , Electrician, 39, 1897, p 414 
L Bloch E T Z , 26, 1905, p 646 
L Bell Am I E E , Trans , 19, 1902, p 6 
A J Wurts Am I E E , Trans , 20, 1902, p 103 

(31) For many types of electric lamps it has been found that a measurement of oandle- 
power in one (sometimes two) definite directions is sufficient to give the mean spherical 
candle-power to a very close approximation See E Liebenthal, Z f 1 , 19, 1899, pp 193 
and 226 , J G W , 43, 1900, p 164 , K Ziokler, E u M , 33, 1915, pp 409, and 481 
E T Z , 37, iPJfd, p 67 , N A Halbertsma, E u M,36, 1517, p ^ For mirror apparatus 
designed to give the m s o p at a single reading by this method, see H Krtiss, Z f I , 

37, J5J7, p 33, E T Z , 38, 7517, p 638, also El World, 67, 7576, p 162 

(32) J of Gas Lightmg, 96, 1906, p 98 

(33) B P Hyde and F E Cady Bureau of Standards, Bull , 4, 7557, p 91 , El Rev. 
and West Elect , 01, 1912, p 942 , Nela BuU , 1, 1917, p 192 

(34) C H Sharp Phys Rev , 11, 7555, p 181 , Z f 1 , 20, 7555, p 226 
(36) A Blondel Eel El , 3, 1895, pp 406, 638 and 683 , J de Phys , 6, 1896, p 222 , 
C R , 120, 1896, pp 311 and 660 , E T Z , 16, 1895, p 608 , Z f 1 , 16, 7555, p 303 , 
Blum Eng , 3, 7575, p 311 

J Rey Soo Jnt des Elect , BuU , 12, 1895, p 211 
H Kniss J G W , 38, 7555, p 616 

See also a different form of lumenmeter described by E J Houston and A E Kennelly, 
El. World, 27, 1896, p. 609, and 38, 7557, p 396 , Electrician, 47, 7557, p 898. 



232 


PHOTOMETRY 


(36) A Blondel. Eol El , 8, 1896^ p. 49 , El World, 28, 1896, p 176 ; Blum. Eng., 
2, 1909, p 786, and 3, 1910, p 311. 

(37) 0 P. Matthews Am.I B E , Trans , 18, 1901, P 677, and 20, 1902, p 69 ; 
Am Gas Light J , 74, 1901, p 607, and 77, 1902, p 708 , El World, 38. 1901, p 649 , 40, 

1902, p 746, and 42, 1903, p. 678 , El Rev (Ohioago), 41, 1902, p 693 , Z f Bel , 9, 

1903, pp 91 and 336 , Eol El , 34, 1903, p 216. 

W P Thompson Bnt Patent No 14,688 (1902) 

G B Dyke Phys Soo , Ptoo , 19, 1904, p 399 ; Phil Mag , 9, 1905, p 136 , Ohem. 
News, 90, 1904, p 266 

C Leonard Eol El , 40, 1904, p 128 , and 46, 1905, p 329 
E P Hyde Bureau of Standards, Bull , 1, 1905, p 266 , El World, 44, 1904, p 687 
E P Hyde and E E Cady Bureau of St^dar^, Bull , 4, 1907, p 91 
0 P Stemmetz Western El , 40, 1907, p 642 

H. Krliss J G W , 61, 1908, p 697 , E T Z , 30, 1909, p 369 , J of Gas Lighting, 
103, 1908, p 386 , Blum Eng , 2, 1909, p 710 , El World, 62, 1908, p 307, and 63, 1909, 
p 1112 , Am Gas Light J , 89, 1908, p 404 

J. Sahulka E T Z , 39, 1918, p &3 , Eleotnoian, 82, 1919, p 266 ; Blum Eng , 
11. p 196; Elettrot., 6, iPiP, p 300, ETZ, 44, 1923, p 666, EuM, 41, 
1923, p 630 ; Rev G6n de I’El , 16, 1924, p 879 , Blum Eng , 16, 1923, p 212, 

R Hieoke E u. M (Lichtteclmild, 42, 1924, p 307 

(38) W E Sumpner Phys Soo , Proo , 12, 1892, p 10 , Phil Mag , 36, 1893, p 81 , 
J of Gas Lightmg, 61, 1893, p. 16 , Electrician, 30, 1893, p 381 , Z. f. Bel , 2, 1896, pp 76 
and 86 ; Chem News, 66, 1892, p 301 

(39) This may also bo shown thus — 

The total flux emitted by the source must be equal to that absorbed by the walls of 
the sphere, t c , to the total flux reaching the walls, multiplied by the absorption factor 
Hence E = (1 — p) (E + 47rr®<I>) where is the flux reaching umt area of the sphere by 
reflection Hence = pF/4irr*(l — p). (R Ulbnoht, Das Eugelphotometer, p 16 ) See 
also E Mascart, Lum El , 28, 1888, p 180 , Soc Int des Elect , 6, 1888, p 103 , Rev. 
Int de I’El , 6, 1888, p 346 

(40) R Ulbnoht. E T Z , 21, 1900, p 696 

(41) See, eg, L Bloch, ETZ, 26, 1905, pp 1047 and 1074, and 27, 1906, p 63 , 
Eel El , 46, 1905, pp 436 and 601 , Eleotnoian, 66, 1906, p 1067 , Blum Eng (N Y ). 
1, 1906, p 421 , El Rev , 68, 1906, p 446 , Blum Eng , 1, 1908, p 274 

Vanous Authors Z, f 1 , 26, 1906, p 316 

H Krtlss Hamburg Naturwiss Verem, Verb , 16, 1907, p Ixxviu 
A A Perrme El World, 64, 1909, p 727 , Blum Eng , 3, 1910, p 268. 

E Dyhr E T Z , 31, 1910, p. 1296 

T. Hirobe and H Matsumoto Dept of Commumoations, Tokyo, Eleotrotechn Lab, 
Re;Mrt, No 23, May, 1915. 

JE B Rosa and A H Taylor Bureau of Standards, Bull , 18, 1922, p 281. 

Also papers quoted in the notes whioh follow 


(42) N A. Halbertsma Z f Bel , 22, 1916, p 43. 

(43) See, eg , A, Crova, Ann Chim Phjra , 6, 1885, p 342 , J de Phys 5, 1886, p 193 

(44) E B Rosa and A. H Taylor Bureau of Standards, Bull , 18, 1922, p 281 

(46) N K Chaney and E L Clark Blum Eng Soc N Y , Trans , 10, 1915, p 1 

(46) R Ulbnoht Das Kugelphotometer, p 93 , E T Z , 26, 1905, p 612 

N K. Chaney and E L Clark [R B. ChiUaa] Blum Eng Soc N Y , Trans , 10, 
1915, p. 1 ’ * 

(47) Further, m the cose of a small source the two screened areas (ac and hd m Fig 127) 
are e(^ual if the distance between source and screen is one-third of the sphere radius 
Equality of these areas clearly tends towards equality of 5 and m the general case where 
the lamps may have any distnbution whatever 

(48) See p 107, and 0. C Paterson and B P Dudding, Phys Soo , Proo . 27. 1915 
p 230, Ph/MaK.30,i5J6,p.34, N P L , CoU Res , 12, iPi6, p 61 

(49) Ulbnoht has proposed (ETZ, 28, 1907, p 777) to correct for the presence of the 
screens by adding the percentage (20fl — 25s') to the measured value of Zt, a and s' being 
respectively the (single side) areas of the screens S and 8' 

(50) B TJlbn<*.t E T Z , 21, jm, p 696 

Cm ^ip and P S Millar Ilium Eng Soo N Y , Trans , 3, ISOS, p 602 , Ilium. 
Eng , 1, ISOS, p 1031 ^ ’ 

^ Ohaney and E L dark Ilium Eng Soo N Y , Trans , 10, JSU, p 1 
22,^I«VfAo®'t“Tz!l8,I9^^^^ ^ Y,Tr«ns,ll.I9Id,p 997; Z f Lll 

(63) The surface is here assumed to be either convex or flat everywhere. The area 
of a con^vily is to be reckoned as that of the plane surface defined by its edges In other 
words, A IS the area of a piece of paper which ]ust covers the object when stretched tightly 


Oil Kugelphotometer,” p 26 The expression given m E T Z , 

26, 1905, jg 612, is m error 

(65) E B Rosa and A. H Taylor. BJum. Eng Soo N. Y., Trans , 11, 1916, p 463, 



MEASUEEMENT OE FLUX 


233 


(66) See, e ^ , B Monaaoh, B T Z , 27, 1906, pp 609 and 696 , El. World, 48, 1906, 
p. 441 , Ulum Eng (E Y ), 1, 1906, pp. 686 and 700 , Eol El , 48, 1906, pp 316, 366 
and 391 

(67) J W. T Walflh nimu Eng , 18, 1925, pp. 12 and 42, 

(68) R Ulbrioht “ Das Kugelphotometer,” p 33 

E B Rosa and A. H Taylor Bureau of Standards, Bull , 18, 1922, p 281. 

(69) R XJlbnolit lUnm Eng., 3, 1910, p. 387 

(60) E B Cady Erank Inst , J, 189, 1920, p. 787 , El World, 77, 1921, p 368 

(61) The difficulty of maintaining a surface of high reflection factor has, however, 
1 ed to the suggestion that a grey surface should be adopted (E Freseer, Elektrot Anzeiger, 
23, 1906, pp 886 and 912 , El World, 49, 1907, p 806) This is not advisable for the 
reason stated on p. 213 

(02) E B Rosa and A H, Taylor Blum Eng Soo. N Y , Trans , 11, 1916, p 463 

(63) B Monasoh E T Z , 27, 1906, p 669 ; mum. Eng (N Y ), 1, 1906, p 686 , 

El World, 48, 1906, p 441 , Eel El , 48, 1906, p. 310 

A H T^lor. lUum Eng Soc N Y , Trans , 16, 1921, p 687. 

(64) E Wmkler-Buscher. B u M , 28, 1910, p. 669. 

D McEarlan Moore Blum. Eng Soo N Y , Trans , 16, 1921, p 699 

C 0 Paterson, J W T. Walsh, A K Taylor and W Barnett Inst El Eng , J , 68, 
1920,1^ 83 

See also E Dyhr, E T Z , 31, 1910, p 1296 

(66) A. Utzmger E T Z , 36, 1915, p 137 , Z f 1 , 36, 1916, p 23 

R Ulbrioht “ Das Kugelphotometer,’* p 66 

(66) A H. Taylor Blum Eng Soo N Y , Trans , 16, 1921, p 687. 

(67) A Utzmger hoc. cit au^a 

(68) J W. T. Walsh. Blum. Eng , 18, 1925, pp 12 and 42 See also L Weber, 
Central-Ztg. f Opt u Mech., 6, ISSi, p 63 

(69) M Oorsepius Gesell dent Naturforsoher u Aerzte, Verb , 80, 1908 (2, i ), 

p 60 

(70) This arrangement cannot, however, be used when the sphere wmdow itself forms 
one of the comparison surfaces m the photometer head 

R 0 Eox Opt Convention, Proo , 1926 

(71) Laboratory spheres are made by the Eoote, Pierson Co , of New York, by Eranz 
Schmidt and Haensch, of Berlin, and other manufacturers of scientific apparatus 

(72) M Corsepus E T Z , 27, 1906, p 468 , Blum Eng (N Y ), 1, 1906, p 482 . 
Eel El , 48, 1906, p 78 , El World, 47, 1906, p 1194, and 48, 1906, p 23 

E W Marohamt Blum Em , 3, 1911, p 37 

(73) E B Rosa and A H Taylor Blum. Eng Soo. N Y , Trans , 11, 1916, p 463 

(74) See also El World, 73, 1919, v 1219 , K Schmidt, Hehos, 26, 1919, p 313, and 
A L PoweU and J A. Summers, El World, 77, 1921, p 216 , also Rev. G6n de I’El , 16, 
ifii24,p 1196 

(76) This device is used m the Sharp-MiIIar spheres made by the Eoote, Pierson Co , 
of New York. 

(76) Used at Phihps’ Glow Lamp Works, Emdhoven, BioUand 

(77) R von Voss E T Z , 38, 1917, pp 188 and 606 (see also N A Halbertsma, 
%b%d , p 203) , Z f 1 , 38, 1918, p 200 , Eleotnoiau, 80, 1918, p. 630, and 81, 1918, p 418 , 
Rev G6n de TEl , 2, 1917, p 807 , E u M , 36, 1917, p 292, and 36, 1918, p 131 

E Zopf Licht u Lampe, 1919, p 94 

(78) A. H Taylor Frank Inst , J., 194, 1922, p 643 

(79) E B Rosa and A H Taylor Bureau of Standards, BuU , 18, 1922, p 281 

See also 0 0 Bond Am Gas Lost , Proo , 7, 1912, p. 291 , Am Gas Light J , 97, 

1912, pp 418 and 426 

(80) E Wmkler Sohweizerische E T Z , 4, 1907, pp 86, 97 and 110 

(81) R Ulbrioht. E T Z , 26, 1905, p 612, and 27, 1906, p 60 , Eol El , 46, 1906, 
p 432 

(82) R Ulbrioht “ Das Kugelphotometer,” p 79 

(83) M Oorsepius Blum Eng , 1, 1908, pp. 801 and 896 , Gesell deut Naturforsoher 
u Aerzte, Verb , 80 , 1908 (2, i ), p 66 

(84) R Ulbrioht E T Z , 28, 1907, p 777 , El World, 60, 1907, p 418 , E T Z , 
30, 1909, pp 322 and 607 , Z f 1 , 30, 1909, p 322 , Blum Eng , 1, 1908, p 663 

(86) W B Sumpner Blum Eng , 3, 1910, p 323 , Electrician, 66, 1910, p 72 , 
Z f Bel , 16, 1910, p 437 , El World, 66, 1910, p 1220 , Z d Vereines v Gas- u Wasser- 
faohm in Ost -Ungam, 61, 1911, p 466 

L W Wild. Blum Eng., 3, 1910, p. 649 

C C Paterson, J. W. T Walsh, A K Taylor and W Barnett. Inst El. Eng , J , 
68, 1920, p 83 , Electrician, 83, 1919, pp 626, 723 and 730 , Blum Eng , 12, 1919, p 336 , 
Elettrot., 7, 1920, p 646 

J T Mfiiogregor Morris Blum Eng , 16, 1922, p 283 

(86) H Buckley Inst. El Eng , J , 69, 1921, p 143 , Gas J , 164, 1921, p 436 , 
El WoTld, 77, 1921, p 839 , E T Z , 42, 1921, p 1072 

(87) G. W, 0 Howe, Blum. Eng , 3, 1910, p. 391 This form of integrator is made 



234 


PHOTOMETRY 


by Messrs. Everett, Edgonmbe and Co., Hendoa (El Rev , 93, 1923, p 808 , J Soi Inst., 
2, 1925, p 201 , nium Eng , 18, 1925, p. 49^ 

See also J. T. Maogregor-Moms and A H Mumford, J Soi Inats , 2, 1926, pp 363 
and 386 

(88) L 0. Grondahl. Ulum Eng Soo N Y , Trans , 11, 1916, p 162 

(89) K S Weaver and B. E Sbackleford. Ilium Eng Soo. N Y , Trans , 18, 1923, 
p. 290 ; E T Z , 46, 1924, p 1193 , lioht u. Lampe, 1923, p 382 

(00) B Monosoh. E T Z , 27, 1906, pp. 669, 696 and 803 , Ilium Eng (N Y ), 1, 
1906, pp 686 and 700 , El World, 48, 1906, p 441 ; Eol El , 48, 1906, pp 316. 366, and 
301 ^e also R Ulbnoht, E T Z , 27, 1906, p 803 

(91) L Bloch Dlnm Eng 3, 1910, p 388. On the use of the oone see R Ulbrieht, 
Z f Bel., 28, 1922, p 43, and E T Z , 43, 1922, p 1262 

(92) E A Benford, Jun. Ulum Eng. Soo N Y , Trans , 11, 1916, p 997, 13, 1918, 
p 323, 16, 1920, p 19 , Optical Soo Am , J , 6, 1922, p 1040 

(93) See, eg ,3 of Gas Lightmg, 104, 1908, p. 33 , L Bloch, B T Z , 40, 1919, p 602 , 
J G W . 62, 1919, p 366 , Gas J , 147, 1919, p 671 ; Lioht u Lampe, 1919, p 161 

E. Karrer and A Pontsky Opt Soo Am., J , 8, 1924, p 365 , Z. f. I,, 44, 1924, 
p 423 

See also p 221, above. 



CHAPTER VIII 

HBTEROCHROMATIC PHOTOMETRY 


In the descriptions of photometric apparatus and methods given 
in previous chapters it has been tacitly assumed that the lights bemg 
compared are either ahke, or nearly alike, in colour, so that while 
the eye of the observer is endeavourmg to make a judgment of 
equahty of brightness of the comparison surfaces it is not em- 
barrassed (^) by a difiEerence of hue In other words, it is assumed 
that measurement of quantity is not interfered with by a difference 
m quality of the things compared 

Unfortunately this condition, which until now it has been 
necessary to assume fulfilled in order to simplify the treatment of 
the subject, is completely satisfied only in a very small proportion 
of the problems met with in practical photometry It has already 
been said (p 126 ) that the standards of candle-power at present 
available give a hght which is very much yellower than that given 
by modern hght sources under working conditions It follows that 
the measurement of such sources by comparison with the standards 
must, fundamentally, involve a considerable colour difference It 
is true that steps are taken to ensure that this colour difference is 
very much reduced, if not eliminated, in every-day photometry, but 
the difficulty is thereby only transferred to another link in the cham 
of measurements by which the source under test is compared with 
the primary standards, and nothing can remove the necessity for 
heterochromatic photometry at one stage or another of the senes 
of comparisons. 

An observer faced with the problem of making a photometric 
measurement by the companson of two surfaces differing markedly 
in colour is tempted at once to condemn the operation as senseless, 
and the result obtained as almost without meaning (^), and he is 
to a certam extent justified by the physical principle that things 
which differ m kind cannot be compared m degree except by some 
quality which is common to both. Thus, m the case of two hghts 
of different colours, while there is no theoretical difficulty m com- 
paring their relative energies expressed in watts, this quantity 
bemg common to all forms of radiant energy, there is very consider- 
able difficulty m comparing their relative effects on the retina, 
smce these effects are different m kind as well as in degree This 
argument, however, if pushed to its logical conclusion, would almost 
deny the possibility of photometry at aU. The position has been 
well expressed by C Fabry (®), as follows : — 

‘‘ Confimng oneself to the region of pure theory, one would 
therefore be tempted simply to condemn the problem as, by its very 
nature, contrary to reason. But it is not only from the theoretical 
point of view that the problem of heterochromatic photometry must 
be presented , its interest is pre-eminently practical and even 
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commercial ; the prohlem demands solution, even if it be partly by 
means of a convention.’* 

As a matter of common experience, although it may be difficult, 
if not impossible, to say with certamty when two contiguous red 
and green lummous surfaces have the same brightness, yet if their 
brightness be vaned there is certainly a pomt on one side of equahty 
at which the red is defimtely brighter than the green, while there is 
similarly a pomt on the other side of equality at which the green 
IS certainly the brighter, always assuming that the observer is normal 
as regards colour vision (^). It is the object of heterochromatic 
photometry to reduce, as far as possible, the region within which 
defimte inequahty just appears on each side The same degree of 
precision as m the case of homochromatic photometry is not attam- 
able (®), and, unfortunately, the physiological phenomenon of 
simultaneous contrast (see p 70) causes the colours of two adjacent 
bright fields to appear even more widely separated in the spectrum 
than they really are (®) The various methods which have been used 
by different workers at different tunes will be described in this 
chapter, and the particular advantages and difficulties inherent in 
each of them will then be appreciated It is essential that the 
prmcipal phenomena of colour vision, described in outlme in 
Chapter III., should be borne m mind when any problem of hetero- 
chromatic photometry is under consideration (^) 

One source of error which must be avoided m all photometry 
mvolvmg colour difference is the reduction of the brightness of the 
comparison surfaces to below the limit at which the Purkynfe effect 
begins to be noticeable (see p 65). Thus, unless colour difference 
has been completely eliminated, the illumination of the photometer 
field should not fall much below 10 metre-candles, for otherwise the 
variation of sensation with brightness change will be different on 
the two sides, e,g , a balance made at 10 metre-candles wiU no longer 
be a balance to the eye if the illumination of both comparison surfaces 
be reduced to 1 metre-candle (®). This consideration at once rules 
out one of the early methods of heterochromatic photometry, v%z , 
that m which acuteness of vision was used as a measure of bright- 
ness (®). A test chart, such as a number of Imes of small type 
prmted m black on white paper, or some geometncal pattern, was 
illuminated in turn by the lights to be compared, and the 
filummation was gradually altered in each case until a given Ime 
of type or a pattern of a certain fineness became just distinguish- 
able (^®). The illuminations under these conditions were assumed 
to be equal, and the candle-powers of the sources were calculated 
accordingly 

The same objection applies also to the ehmination of the colour 
difference by reducing the brightness of the comparison surfaces to 
within the photochromatic interval of the eye (^2) (see p. 67) The 
sensitivity of both these methods is, moreover, very low. 

The Compensation or Murture Method. — ^In this method of hetero- 
chromatic photometry an ordinary direct-comparison photometer 
head is used, but the colour difference is reduced by illummating 
one or both of the comparison surfaces with light from both the 
sources which are being compared While the ease with winch a 
setting of the photometer head can be made is much improved by 
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the reduction of the colour difEerenoe thus achieved, the sensitiveness 
IS correspondingly reduced by reason of the very fact that the 
photometer surfaces do not each receive hght from one source alone 
(see p 154) In J Wybauw’s form (^®) a Bunsen photometer is used, 
with an auxiliary mirror to reflect hght from one of the sources on 
to the side of the disc remote from the source (see Pig 139) Tn 
Grosse’s form, which is 
much more comphcated (^^), 
one side of the photometer 
receives n per cent, of its 
light from lamp and 
(100 — w) per cent fromigj 
while the other side receives 
n per cent from and 
(100 — n) per cent from 
n can be varied at the 
option of the observer 
accordmg to the degree of colour difference present, but as the 
colour difference is diTnimshed by increasing w, so also the sensi- 
tivity IS reduced, until when n = 50 both colour difference and 
sensitivity vanish together (^®) 

An mstrument depending on the formation of two sets of shadow 
patterns, one by each source, has been described by W B. von 
Czudnochowski (^®) 

Direct Comparison with Small Colour Differences. — ^The direct 
comparison of sources giving lights of markedly different colours is, 
as stated at the beginning of this chapter, inaccurate and unsatisfying 
to the observer, but if the colour difference be comparatively shght 
a measurement may be made, with a smtable form of photometer 
head (^’), to an accuracy of about the same order as that obtamable 
by either of the methods already described in Chapter VI , so long 
as the bnghtnesB of the comparison surfaces is considerably in excess 
of the value at which the PurkynS effect begins to operate If this 
precaution be not observed very large errors may be mtroduced 
(see p 66) If the two fields of a Lummer-Brodhun contrast 
photometer, for example, be illummated by lights differing shghtly 
in colour, a position of the photometer head can be found at which 
the contrast on both sides of the field appears to be equal This may 
be taken as the position of balance When the colour difference is 
about the same as that between the light from two tungsten filament 
vacuum lamps operating respectively at 7 and 5 3 lumens per watt, 
it IS found that an observer, following the procedure described on 
pp 165 to 167, will repeat his measurements from day to day to 
an accuracy of about 1 per cent , while two normal-sighted observers 
will generally agree with each other to about the same accuracy 
When, however, the colour difference is increased beyond this limit, 
not only do different observers disagree markedly, but the same 
observer becomes inconsistent from day to day. It is a somewhat 
curious psychological effect that, with a considerable colour 
difference, a single observer may obtam very consistent readmgs 
during the course of a smgle set of observations, but on another 
occasion his readings, although agam consistent among themselves, 
are qmte different from his previous set (^®). There is apparently an 
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!Fiq 139 — ^WybauHr’s Compensatioii Photometer, 
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unconscious adoption of a certain criterion of equality which, 
although remembered throughout a smgle set of measurements, is 
forgotten if a considerable period elapse between one set and the 
next. 

The Cascade Method. — One method of overcommg the un- 
certainty of a measurement involving a large colour difference, such 
as, for example, the comparison of lamps operating at a normal 
efficiency of 8 lumens per watt with those giving light of the same 
colour as that from a pentane lamp (1-3 Ipw), is to divide this 
colour difference into a number of steps, usmg sets of lamps operating 
at mtermediate efficiencies Thus at the National Physical Labora- 
tory, between the international standards of candle-power and the 
sub-standards used for the measurement of lamps of normal 
efficiencies, five sets of sub-standards are interposed, operating 
respectively at 2 1, 3, 4, 6*5 and 7 lumens per watt The lamps m 
each set are carefully compared with the set of lower efficiency by 
a number of observers, and thus, from the results of five comparisons, 
the value of the highest efficiency set in terms of the international 
standards, is obtained (^®) 

Although, when many readings are taken, the results obtamed 
by the cascade method for any one observer are not more consistent 
with the average of a number of observers than when a comparison 
entaihng the whole colour difierenoe is made, it appears that the 
day-to-day consistency of a single observer is better by the cascade 
method (2®) The method also has the advantage that when once 
the mtermediate sub-standards have been measured, they are 
available for the measurement of lamps of any efficiency lying 
withm the range they cover In the work above quoted, the cascade 
method and the ordmary comparison method were foimd to give 
results in agreement to 0 3 per cent. The chief disadvantage of the 
cascade method is the unavoidable one that an observer who tends 
to weight either side of a comparison field, for example the blue, 
will gradually mcrease his error as the series is bmlt up It is for 
this reason that the method can only be satisfactorily used when the 
mean results of a large number of observers can be obtamed. The 
mean values so assigned to the lamps of any set in the cascade can 
then be used for the measurement of lamps which they happen to 
match m colour, so that only a few observers are then needed for 
this measurement, just as in any other case of homochromatic 
photometry 

Some part, at any rate, of the consistent differences which are 
found to exist between observers when making a heterochromatic 
comparison may weU be due to the fact that the luminosity curve 
of the retina near the fovea is not everywhere exactly the same 
(see p 69). The error due to this cause may be reduced by making 
two or more sets of measurements with the comparison fields 
differently arranged in the observer’s field of view This may be 
achieved by inseitmg in the eyepiece of the photometer head a prism 
of the form shown in Eig. 140 (a), or an arrangement of mirrors as 
shown m Fig. 140 (6) If either of these systems be rotated through 
an angle of 90°, the image seen through them is rotated through 180°. 
Thus if the photometer field be symmetrically divided into two 
parts, as m the case of the Lummer-Brodhim contrast photometer, 
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by making measurements mth the prism in each of four positions 
46° apart, any irregularities in sensitivity of the central part of the 
observer’s retma should be compensated. A simple left-to-nght 
reversal of field may be obtained by rotating the photometer through 


(a) Prwnv 




(h) Mirrors 

Pia 140 — ^Inversion Systems. 

180° about its horizontal axis, and then turning it through 180° 
about its vertical axis, the observer being now on the opposite side 
of the bench. 

Use of Characteristic Equations. — ^For many purposes it has been 
found convement to use the characteristic equation connecting the 
candle-power of a vacuum electric lamp with its current or potential 
so as to enable a large range of efficiencies to be covered by a smgle 
standard For this purpose the characteristic equation of a 
lamp may be taken as log I = (log x)^ + B log x + G (^2), and 
measurements of I at three or more values of x suffice to determine 
the constants A, B and C The method may clearly be extended 
by treating a combmation of a lamp with a blue glass as a single 
umt and finding the values of the constants for the combmation 
It wall be seen that, as in the cascade method, colour difference is 
not avoided, but with a comparatively small number of standardisa- 
tions by several observers a standard is available for homochromatic 
comparisons over a wide range of efficiencies. 

Homochromatic Methods. — ^The most fundamental method of 
making a photometric comparison between two lights which differ 
m colour is to resolve each into components which are visually 
monochromatic and to compare the intensities of these components 
pair by pair If and be the respective mtensities of any one 
pair of similar components whose wave-number interval is Sj/, and 
whose mean wave-number is then the ratio of the two ongmal 



240 


PHOTOMETRY 


intensities is where % denotes summation through- 

out the visible portion of the spectrum. In this way a smgle hetero- 
chromatic comparison is converted into a large number of homo- 
chromatic comparisons These comparisons are carried out m a 
special form of instrument, known as a spectrophotometer, in which 
a composite light is resolved into its spectral components and photo- 
metric measurements are then made on as many of these components 
as may be necessary. This method is, clearly, of universal applica- 
tion, and it will be described more fuUy in the next chapter. It is, 
however, exceedingly tedious, and is hable to large errors unless 
numerous precautions are taken. For many purposes, therefore, 
some fundamentally less accurate method is preferable for ordinary 
work. The methods now to be described are of this kmd, and, 

ISO 



XXlove Tlumber (Thousanc^ per cm ) 

!Fia. 141. — ^The Pnnoiple of the Orova Method. 

although based ultimately on spectrophotometric determinations, 
they enable such determinations to be relegated to the standardising 
laboratory, where they can be performed most conveniently and 
accurately. 

The Crova Wave-number (Wave-length) Method. — One of the 

earhest of these methods is that of A. Crova (^), which may best be 
explained by reference to Fig. 141. Curves A and B represent, 
respectively, the relative luminous intensities throughout the visible 
spectrum of the light given two sources These curves are obtained 
with a spectrophotometer The ordinate scale is so arranged, for each 
curve separately, that the areas of the two curves are equal, i.e., 
the total candle-power is the same for each source If these curves 
intersect at wave-number v it is clear that equality at this wave- 
number is a criterion for equality of the mtegral light. It follows, 
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therefore, that for sources having re'&peotively the spectral distributions 
exhibited in curves A and B, comparison at wave-number p gives 
the same result as a comparison of the integral lights. Hence, by 
placing in front of the eyepiece of the photometer a medium which 
only transmits a narrow portion of the spectrum on either side of u, 
practically homochromatic observations may be made, and the 
results obtained will be valid for the integral hght given by the two 
sources (^) The curves of Pig. 142 show the Crova wave-numbers 
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Fio. 142 — The Crova Wave-number for pairs of Grey Body Sources at different 

Colour Temperatures 

for the comparison of two “ blaok-body ” sources at the temperatures 
shown respectively (a) on the curve, and (b) on the axis of abscissae. 
Por comparison between a carbon lamp operating at 2 3 lumens 
per watt (colour temperature 1,980® K ) and a tungsten lamp at 
10 lumens per watt (2,430° K.), the Crova wave-number is approxi- 
mately 17,370 (2^). A suitable solution having, at a thickness of 
26 mm , a well-defined transmission band in this region consists of 
CuClg, 86 gm. ; K 2 Cr 207 , 00 gm ; HNOg (sp gr. 1-06), 40 c.c with 
water to 1 litre at 20° 0, Curve A of Pig 142 is the hne of 
limiting Crova wave-numbers, i.e , the line which gives the Crova 
wave-number for two blaok-body sources at the temperatures 
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T ± Sr, when hT is vanishingly small To a fair approximation, 
the Crova wave-mimber for two sources may be found by taking 
the arithmetic mean of the limiting Crova wave-numbers for the 
respective temperatures of those sources. 

A method somewhat similar to that of Crova was developed by 
Mace de L6pmay and Nicati (^'^), who assumed that for bodies 
giving approximately black-body radiation ///jr =/(7e//j{), where 
I is the integral candle-power for all frequencies, and Ij^ and Iq are 
the candle-powers in regions of the spectrum confined to the red 
and the green respectively Further, they found that filolln) = 
[1 -f 0 208(1 — represented the results for a number of 

ordinary sources, so that the ratio of the mtegral candle-powers of 
two sources could be obtained from the results of two comparisons 
made (a) with a red transmitting medium, and (6) with a green 
medium in front of the eyepiece. Both of these methods of hetero- 
chromatic photometry depend on the energy distribution in the 
spectrum of the sources to be compared. They have been used with 
some success for sources giving a continuous spectrum with approxi- 
mately the same energy distribution as a black body at some 
temperature. For sources with a discontinuous spectrum, however, 
they are quite useless, except that Grova’s method may be used for 
approximate work when once the Crova wave-number has been 
determined by spectrophotometry. These methods make no claim 
to be fundamental m any sense of the word, and both suffer from the 
disadvantage that, since the transmission factors of the coloured 
media used are necessarily small, the brightness of the photometric 
field is reduced to an undesirable extent if any ordmary form of 
photometer head be used with sources of normal candle-power 

Colour Filter Methods. — ^It is clear that if, when two sources 
giving hghts of different colours are being compared, there be placed 
between the photometer and one of the sources a coloured transparent 
medium of such a tmt as to cause the light from one source to match 
that from the other, at least as far as visual sensation is concerned, 
the difficulty of colour difference disappears, and the whole problem 
is reduced to one of homochromatic photometry, except that it now 
becomes necessary to determine the transmission factor of the trans- 
parent medium for hght of the colour given by the source with which 
it is used. This is agam a problem of spectrophotometry (^®), and 
therefore is not susceptible of the same accuracy as that obtamable 
in homochromatic photometry (see p. 287) An alternative method 
of measuring the transmission factor of the medium is to make a 
direct measurement of the candle-power of a source givtug hght of 
the same spectral distribution as that with which the filter is mtended 
to be used. This measurement is made first without the medium, 
and then with the medium placed between the source and the 
photometer, any of the more accurate methods of heterochromatio 
photometry being used for the second comparison 

It will be seen that one of these measurements mvolves a colour 
difference as great as that which the medium is designed to ehmmate, 
so that no gam would seem to pesult, but m the first place the 
colour difference may be divided into two steps by using a comparison 
lamp which gives hght of a colour about midway between that of 
the source with and without the modium, and there is, further, an 
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important practical gam, since the transmission factor may be 
determmed once for all by a large number of observers working on 
several different occasions, and the mean value thus obtained may 
then be used in conjunction with the results of one or two observers 
working with the medium Since these observers have now no colour 
difference to contend with, the mean of a comparatively few results 
of theirs will be equal in accuracy to the mean of the results which 
would be obtained by the larger number of observers working on 
every occasion on which the medium is employed The gain of time 
m this procedure, when many si m i l ar sources have to be compared 
with a standard of a different colour, may be very great (®®). 

The medium may be either a glass, a stamed gelatme film, or a 
cell with parallel glass walls filled with a chemical solution of some 
kind. The glass is to be preferred from the point of view of 
permanence (®^) and convemence m use, and cobalt glasses have 
been used at the Bureau of Standards for obtainmg light of the 
colour given by a tungsten lamp operatmg at 6-6 lumens per watt 
from a lamp at 2 5 lumens per watt Some colours are, however, 
difficult to reproduce with certamty in glass (®®), and gelatme films 
mounted between glass form a very good substitute, the range of 
colours obtainable being far greater with this medium Such ffiters 
are, however, less permanent. Their use has been carefully investi- 
gated by Mees, who has developed a special set of niters for 
photometno work (®^) These filters are termed “ photometnc ’’ 
filters, and, as shown by the table below, they are designed to enable 
a colour match to be made between any two eleotnc glow lamps 
which are giving hght anywhere m the range from 12 1 p w. to 
daylight. 

Wbatten Photometric Felters 


Filter No. 

When used with a 

6 7 1 p w lamp, 
matches a lamp 
giving 

Matches a 6 7 1 p w 
lamp when used with 
a lamp giving 

Approiamate trans- 
mission factor when 
used with a lamp 
giving 6 7 1 p w. 

Blue . 



per cent. 

78 

Daylight 

— 

13 

78a 

(30) 1 p.w 

1-2 1 p w. 

35 

78b 

16 

3-5 

60 

78o 

11 

6 

1 70 

Yellow . 




860 

6 

10 

80 

86b 

3-5 

15 

76 

86a 

1 6 

(26) 

74 

86 

— 

Daylight 

70 


I 


The figures given in the above table can only be regarded as 
approximate, since both the colour and the transmission factor of 
any given type of filter are liable to vary from specimen to specimen 
Further, the colour match is by no means perfect when a large 
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colour difierence is bridged by means of these fQters, The values of 
transmission factor are for the complete filter regarded as a unit, 
surface reflection losses being included A filter (No 78aa) mter- 
mediate in colour between Nos 78 and 78a is supphed for use with 
a gas-filled lamp to give hght of dayhght colour, while No. 79 gives 
daylight colour when used in front of an acetylene flame. 

A variable tmt filter has been devised for enabling an approximate 
colour match to be obtamed over a range of efficiencies (®®). The 
comparison lamp is placed in an enclosure with a translucent glass 
wmdow, over which moves a metal shde contaming two smaller 
windows, Y and B (see Pig 143) These are covered one with a 

yellow and the other with a blue 
filter {eg,, Wratten 86 and 78). 
The heights of the wmdows are m- 
versely as the transmission factors 
of the two filters for the light from 
the comparison lamp It follows 
that as the shde is moved across the 
front of the window the candle- 
power IS not altered, while the 
colour of the light changes con- 
tinuously from yellow to blue The 
method has been extended by H. E. 
Ives (®'^), who employs three colour 
filters — ^red, green and yellow — so 
that the accuracy of the colour 
match can be improved and the 
range of the instrument extended to 
cover most practical hght sources 
The Leucoscope. — A different 
form of variable tint filter may be 
obtamed by making use of the rota- 
tory dispersion of quartz When 
plane polarised light passes through 
a plate of quartz cut with its sur- 
faces perpendicular to the optic axis, 
the plane of polarisation is rotated 
by an amount which vanes with the 
frequency of the hght (®®). The result is that, if the mcident 
polarised hght is composite, the plane of polansation of the trans- 
mitted hght win be different for each monochromatic component, 
i e , the plane of polarisation of the component of frequency v is 
rotated through an angle a„, where is a function of v, f{v) If, 
therefore, a Nicol pnsm or similar analyser be placed in the path of 
the hght transmitted by the quartz, the intensity of the component 
V in the hght transmitted by this Nicol wiU be proportional to 
sm^ {<j> — aj, where ^ is the angle of rotation of the second Nicol 
measured from the position of extmction with the quartz plate 
removed. 

Thus it follows that the spectral transmission curve of a system 
consistmg of a quartz plate between two Nicol pnsms may be 
altered in a manner which is calculable theoretically, since the value 
of oc^ is known for aU values of v, and is proportional to the 
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!Fig 143 — A Variable Tmt Pilter 
with Constant Transmission. 
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thickness of the quartz plate. By using plates of different thicknesses 
the flexibility of the combination may be much, mcreased A still 
greater range of transmission may be obtained by using two quartz 
plates sandwiched between three Nicol prisms, two of which are 
capable of independent rotation. 

The device as applied to the problem of heterochromatic 
photometry (®®) is shown in Fig 144 is the sub-standard or test 


Mogrusia 

UntdBox 


lamp, and two lamps in a whitened box, which forms the 

comparison source. is the fixed Nicol, and Q the quartz plate 
^2 and are two Nicols capable of united rotation with respect to 
Ni and Q This rotation gives the colour match can then be 
rotated separately with respect to m order to obtam the intensity 
match. L-B is a Lummer-Brodhun cube, to enable this match to 
be made by the eye at E, 

The single quartz plate system can be used m combmation 
with a gas-filled lamp having a colour temperature of 2,830° K to 
obtain a colour match with the hght from a black-body radiator at 
any temperature between 3,100° and 4,000° K. For the range 
4,000° to 7,000° K. the two-plate system must be used 

Chemical Solutions. — ^Follovnng a suggestion by C. Fabry (^^), 
certam chemical solutions have been developed for use with sources 
havmg spectral distributions of the black-body type These solutions 
have the advantages of ready reproducibility from specification and 
easy adjustment by alteration of concentration and thickness They 
are used in cells with plane polished walls of special colourless glass 
havmg the form shown m Fig 146 The central solid glass frame 
18 accurately ground to 1 cm. thickness The two faces are not 
cemented on, &it, after cleaning with nitric acid and distilled water, 
are laid in close contact with the glass frame, and are held m position 
by rubber bands while a seal of paraffin is run round the edge with 
a hot metal point 

The yellow solution is composed of . — 

Cobalt ammomum sulphate 100 gm 

Potassium bichromate 0 733 gm 

Nitric acid (1‘05 sp. gr.) . 10 c c. 

Water . . . to 1 htre of solution. 
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This solution may be used with a 2 7 1 p.w (4 w p c ) carbon lamp 
to bring its hght to a colour match with that given by a lamp of 
lower efficiency. The concentration of the above specified solution 



Fig 146 — Form of Glass Cell for Colour Filter Solutions 


is then altered to produce the best possible colour match, and the 
transmission is found from the relation log^o t = — 0*246 0®-®, 
where r is the transmission factor for a thickness of 1 cm. of the 
solution as compared with clear water (^), and G is the concentration, 
that is, the number of c.c- of solution as above specified in 1 c c of 
the solution used 

The same solution may also be used to brmg to a colour match 
with the carbon lamp the hght from any hig&r efficiency source 
giving visible radiation of the ‘‘ black-body ” type by using the 
solution on the test lamp side of the photometer In this case the 
transmission factor for 1 cm thickness, as compared with clear 
water (^), is found from the relation 

logioT = - 0*366 G^ 06^ 

The blue solution, for use in front of a 2*7 1 p w carbon lamp, is 
composed of 

Nickel ammonium sulphate . 50 gm. 

Ammonium sulphate . .10 gm 

Ammoma (0*90 sp.gr) . . 66 c c 

Water . . . to 1 htre of solution 

Por this solution the transmission factor per cm. thickness, as 
compared with clear water is given by the relation 

logio-T- = — 0-639 G^'^, 
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the concentration being altered in this case by diluting with water 
containing 10 gm. ammonium sulphate per litre (“) 
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The spectral transmissioii curves of the yellow solution at 35 per 
cent, concentration, and of the blue solution at 100 per cent, con- 
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Fig. 147 — TransTuiflaion of the Yellow Solution with a 2 7 1 p w Carbon Lamp. 

centration, are shown in the two curves of Fig 146. It is found 
that (a) the colour match obtained by using the solution is only a 
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sensation matoli, and will therefore not hold accurately for observers 
with abnormal colour vision (see p 263^ infra), and (6) Beer*s law 
as to the equivalence of concentration and thickness does not 
hold, as will be seen from the expressions for t given on p 246. 
Figs 147 and 148 show respectively for the yeUow and blue 
solutions the approximate concentrations and corresponding trans- 
missions in a thickness of 1 cm. for a colour match with various 
sources, usmg as comparison source a 2 7 1 p w. carbon lamp 
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An undesirable feature of the yellow solution is the existence of 
a pronounced temperature coefl&cient, which makes it necessary 
either to work at the temperature used in cahbrating (20° C.) or 
to apply corrections obtamed from the curve of Fig. 149, which 
shows the effect of temperature change on the transmission factors 
of solutions of two concentrations The blue solution has practically 
no temperature coefficient, but, on the other hand, it is less stable 
and slowly dissolves the glass of the containing vessel if allowed 
to stand in it. 

Whatever the medium used for altering the colour of the trans- 
mitted hght, it is essential that there should be complete absence of 
any curvature or unevenness in the surfaces, otherwise the lens 
effect introduced causes a change in transmission factor as the 
distance between the medium and either the source or the photo- 
meter surface is altered (see p. 183) (^®) Any trace of scatter within 
the medium is also to be avoided (see p 181) 

It may be mentioned again that a transnoission factor determmed 
on the bench m the manner outlined above can only be assumed to 
hold for light of the same colour as that with which it has been 
measured (^^) In the case of a spectrophotometric measurement 
the transmission factor is determined for light of every frequency, 
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so that the integral transmission factor for light of a known spectral 
energy distribution can be found at once by calculation, smce it is 
equal to jTvKvEydvjfKJEydy^ where r^, Ey and Ey represent respectively 
the transmission factor, lummosity of radiation and energy per unit 
wave-number interval of the hght considered, all at wave-number ^ 
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Fia 149 — Change of Tranflmission of the Yellow Solution with Temperature. 


(see also p 289). As an example of the amount of change produced 
in transmission factor by alteration in the colour of the transmitted 
hght, it may be mentioned that a piece of Wratten filter No. 78 
having a transmission factor of 13 per cent for hght from a 6 7 
1 p w. tungsten lamp has a transmission factor of 17 5 per cent 
when used with a lamp operating at 10 1 p w The difference is 
naturally less in the case of the other filters, but it is still con- 
siderable. For media givmg less even transmission curves than 
the photometnc filters the effect may be very large. 

Methods depending upon Phcker . (1) Critical Frequency , — ^An 
altogether different method which has been used for the measurement 
of lights of different colours is the production of an intermittent 
bnghtness alternating with complete darkness, and the determination 
of the lowest alternation frequency required for disappearance of 
flicker This frequency, termed the critical frequency for the light 
under investigation, gives a rough absolute measure of the brightness 
of the field, and thus, like the visual acuity method descnbed above 
(see p, 236), does not depend on any comparison of juxtaposed 
surfaces. Like this method, however, its accuracy is exceedingly 
low (^®), and it has therefore never been developed. As, however, 
the phenomena of critical frequency throw some hght on the results 
obtained with the flicker photometer, it wiQ be of value to descnbe 
briefly some of the results obtamed by Ives (^®), which are illustrated 
in Eig. 160 The hnes of this diagram show that when the brightness 
exceeds a certain value (of the order of 1 photon), the critical 
frequency is connected with the logarithm of the brightness by a 
simple relationship of the form (Frequency) = A log (Bnghtness) + R, 
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where A and B are constants depending on (i ) the colour of the 
hght, (u ) the ratio of the lengths of the light and dark periods, and 
(hi.) the steady brightness (if any) upon which the flickering bright- 
ness IS superposed (®®) In the case of red hght, with equal periods 
of light and darkness and no steady brightness, the values of A and 
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JFia. 160 — ^Variation of Ontioal Frequency with Field Brightness for Light of Vanous 
Frequencies. (The brightness unit is of the order of one photon ) 


B are the same for any brightness, while for other colours there is 
a more or less abrupt change in the values of these constants when 
the brightness falls below a certain limitmg value. In this region 
A IS zero for blue light, so that the critical frequency is constant at 
all low values of brightness. 

It win be noticed that the critical frequency exhibits a 
reversed PurkynS effect (see p. 66), for while at high values 
of brightness blue is weighted with respect to red (as compared 
with steady comparison), the opposite is the case at low values of 
brightness. 

(2) The Flicker Photometer . — ^In this instrument the cnterion of 
the equality of bnghtness of two surfaces is the disappearance of the 
flicker produced by presenting them alternately to the eye at a 
certam rmniTnurn frequency This minimum is defined as the lowest 
frequency which will just cause flicker to disappear over the smallest 
possible range of variation of either brightness alone. The extent 
of this range over which no flicker is discernible determines the 
sensitivity of the photometer under the conditions prevailing when 
the experiment is made. The actual method of working of this form 
of photometer, and the precautions to be observed when using it, 
must be described in some detail, smce when the colour difference 
between the lights to be compared is large it has been found that 
the errors of measurement, especially in the case of inexperienced 
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photometric observers, are considerably less with a flicker photo- 
meter than with a steady comparison instrument. This question 
will be referred to again later. 

The earliest formsof ^ 

flicker photometer were those 
of F. P. Whitman and 
0 N. Rood (®2), which de- 
pended on the intermittent 
presentation to the eye of 
the two surfaces of a Ritchie 
wedge (see p 3), and that 
of Simmance and Abady (first 
form) (®®), which was an adap- 
tation of the Gas Referees’ 
modification of the Bouguer- 
Foucault photometer (see 

p. 2). 

A more accurate form is the Bechstem photometer (®^), iu which 
a two-part pnsm is caused to rotate in front of a Ritchie wedge 

The outer annulus {A) of this 
pnsm and its central part (R) 
have their refracting surfaces 
mchned in opposite directions, as 
shown in section in "Fig 151. 
The result is that, as the prism 
rotates, each side of the wedge 
IS seen alternately in the inner 
cucle and the outer rmg, and 
when the two sides are equally 
bright the flicker between annulus and centre disappears 

Other widely used forms of the fltioker photometer are those 
designed by Simmance and Abady (second pattern), 
and by L Wild The former is, again, a Ritchie 
wedge device (®®), the photometer “ disc ” consisting 
of a double truncated cone of plaster of Pans 
having the form shown in Fig 162 This figure 
gives the appearance of the disc in four positions 
at mtervals of 90° The construction of the simple 
disc will be made clear by reference to Fig. 163 
The two cones are cut along the hues AG and EO, 
the portions ABC and EOH are removed, and the 
remaining parts are then fitted together In use it 
is placed with its axis along the hne jo inin g the hght 
sources to be compared, and is then rapidly rotated 
so that first one and then the other comparison 
surface is presented to the eye, the dividing edge 
moving to and fro across the field of view Smce 
each comcal surface owes its brightness entirely to 
the lamp towards which it is mchned, it follows 
that, if the angles which the generators of the two comcal surfaces 
of the disc mate with the hne joinmg the sources are exactly equal, 
then, when the brightnesses of the surfaces are equal, the illumina- 
tions due to the two sources will also be equal and the usual 
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photometric procedure can be followed. H Kruss has devised 
similar discs giving four and six instead of two reversals of field 
per revolution Dow’s cosine photometer (see note 87, p. 192) 
may also be used as a flicker instrument (®’^) All the above instru- 
ments suffer from the liabdity to angle error inseparable from the 
use of the Ritchie wedge (see p 162). 

Wild’s photometer is an adaptation of the Bunsen prmciple (®®). 
A circular disc, of which one half is translucent and the other 
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"Fig. 164 — The Wild Hioker Photometer 


Opaque, is set in rotation, and a small portion of its surface is observed 
on both sides simultaneously by means of the mirror and pnsm 
arrangement shown m Pig. 154. What is seen by the eye is a circular 
field with a thm black Ime, due to the vertical edge of the pnsm. 
On either side of this line there is a flicker due to the fact that, as 
already noted (p. 163), the brightnesses of the translucent and 
opaque parte of the disc are not equal on both sides of the disc at 
the same position of the photometer head. The position of balance 
is therefore not found by absence of flicker, but by equality of 
flicker m the two halves of the field This is found to result m a 
much improved sensitivity, especially with a considerable colour 
difference, smee it is not necessary to increase the speed to the pomt 
at which colour flicker entirely disappears in order to obtain a 
reading. With this photometer the liability to error owing to the 
oblique incidence of the light on the comparison surfaces is avoided. 
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It has been found (Wild, loc ciL) that an accuracy of 0-5 per cent, 
with homochromatio hghts, and 0*9 per cent, with red and green 
lights, can be obtained with this instrument 

H Kruss has designed a flicker form of the Lummer-Brodhun 
head, but without the contrast field (®®) A simple back-and- 
forth movement of the dividmg line between two adjacent 
oo-planar fields has been used by A. H. Pfund m an adaptation of 
the graded contrast photometer (see p. 169) (®®), and a flicker form 
of the Joly block photometer (see p 160) has been devised (®^). 
Modem flicker mstruments will be described later m this Chapter, 
but it will be desirable first to consider briefly the results of 
experimental work leading to the formulation of certain conditions 
which a satisfactory mstrument of this type must fulfil 

The Validity of the Phcker Method. — It is self-evidently essential 
that the results obtamed by any method of photometry shall be m 
accordance with the ordinary laws of physical quantities, % e , that 
two bnghtnesses which are found to be each equal to a third shall 
also be equal to each other, and that the brightness which results 
from the superposition of two illuminations shall be equal to the 
sum of the bnghtnesses due to each illumination separately (®2). 
With hghts of the same colour these laws are rigorously obeyed 
whatever the method of photometry adopted. For %hts of different 
colours the laws have been found to apply to the results of measure- 
ments by the steady comparison method, at any rate approxi- 
mately (®®), but the same is not umversally true of the flicker method. 

The most exhaustive work on the subject is that of H. E. Ives (®^). 
The use of the flicker photometer depends upon the physiological 
phenomenon that colour difference between the two halves of an 
alternating field disappears at a lower speed of alternation than 
brightness difference. For lights of identical colour flicker disappear- 
ance takes place when the two parts of the field are equally bright 
as judged by the steady comparison (often termed the “ equahty 
of brightness ”) method. When there is a colour difference, flicker 
may disappear when the comparison fields are shghtly unequal as 
judged by the steady comparison method, the difference depending 
on the conditions under which the instrument is used For example, 
the PurkynS effect (see p. 66), which causes a weighting of the 
bluer hght at low intensities in the steady comparison photometer, 
IS reversed in the flicker photometer (®®) This is shown very clearly 
by the curves of Fig. 166, which exhibit Ives’ results on the variation 
with field brightness of the lummosities of coloured hghts as 
measured by the flicker method (®®). The scale of abscissae is a 
logarithmic scale of field brightness in photons (see p 62) Each 
curve refers to light of a certain colour and shows the variation, 
with field brightness, of the lummosity of light of that colour in 
terms of the luminosity of white hght. The horizontal line represents 
the relative luminosities at high values of brightness, and at every 
pomt of the curve the respective bnghtnesses of the two fields being 
compared are the same fraction of those brightnesses which were 
found to be equal at high illummations. The reversal of the PurkynS 
effect IS seen from the fact that the lower curves (red) rise above the 
high brightness line, while the upper curves (blue) fall below it, 
when the field brightness is less than about 60 to 70 photons (®’). 
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In the steady comparison method, when the field brightness is 
low, the effect of decreasing the size of the field of view is to decrease 
the PurkynS effect, i.e , the red is weighted more and more as the 
size of the retmal image is decreased down to about 2® (yellow spot 
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Fig. 166. — ^Tli© Reversed RurkynB Effect in the Flicker Photometer 

effect ; see p. 66). In the case of the flicker photometer this effect 
also IS reversed, and the effect of decreasing the size of the fleld is 
to weight slightly the blue end of the spectrum This is shown 
by the broken lines of Pig. 155, which refer to small fields This 
reduction of the reversed PurkynS effect with small fields is only 
what would be expected if this effect in the flicker photometer were, 
like the true Purkynfi effect of the steady comparison method, 
absent at the rod-free part of the macula (®®). The results of some 



HETEROCHBOMATIC PHOTOMETRY 


266 


experiments by J. S Dow on (a) the efieot of change of field size, 
and (6) the effect of change of brightness on the relative values 
obtained by the steady comparison and the flicker methods, are 
shown in Figs. 166 (yeUow spot effect) and 167 (PurkynS effect) (®®). 
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Fig 166 — Comparison of the Yellow Spot Effect m the Steady Oompanaon and 

Fhoker Photometer 

Dow varied the field size by altering the distance of the observer’s 
eye from a fixed aperture through which the photometno field was 
viewed. 

Errors and Reproducibility of Judgment. — ^Ives found that for 
a normal value of brightness of the photometer field (about 80 
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Fig 167 — Companson of the Purkynfi Effect m the Steady Comparison and Fhcker 

Photometers 

photonB) the error of measurement in comparing difEerent parts of 
the spectrum with white light was, on the average, four to five times 
as great with the steady companson as with the flicker method, 
although in the case of experienced observers it was only about 
twice as great (’°). The error by both methods was, naturally. 
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larger at the ends of the spectrum than in the middle. In the case 
of a lower level of brightness (3 photons) the difference between 
the errors obtamed by the two methods was not nearly as great, 
being, in fact, neghgible in the case of experienced observers. It 
should be noticed that the brightness of the photometer disc as 
ordinarily used is eqmvalent to about 3 candles per square metre 
seen through a normal pupil, or through an artificial pupil of 6 mm 
diameter (Lummer-Brodhun eyepiece) The brightness is therefore 
of the order of 60 to 80 photons. The reproducibility of the measure- 
ments by a single -observer after an interval of two months was 
found to be rather higher in the case of the flicker photometer 
Apparently the criterion of equality is more liable to alter from day 
to day in the steady comparison than m the flicker method (’^) 
The reproducibflity for both methods diminishes as the brightness 
is decreased below about 6 photons. 

Sensitivity. — ^The eye is more sensitive to flicker at high values 
of brightness than at low, so that higher speeds are necessary to 
cause disappearance of flicker when the illumination is increased. 
This is seen from the curves of Fig. 168, which show, for hght of 
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iFiG. 168 — ^The Effect of Field Brightness on Flicker Frequency. 


three colours compared with white light, the frequencies necessary 
to cause disappearance of flicker at various degrees of brightness 
Ives found (Zoc. cit , note (®^) ) that the sensitivity was noticeably 
increased by enlarging the field of view from 1 86° diameter to 
8 6° X 5-16° By averted vision, when the image of the centre of 
the smaller field was 8° from the fovea, the sensitivity was again 
decreased Although this result appears to be contrary to the 
known fact that the peripheral part of the retina is more sensitive 
to flicker than the fovea (see p. 62), the explanation of the dis- 
crepancy is found to be that this extra sensitivity by averted vision 
is quite transitory, and is very quickly reduced to a negative value 
when this part of the retina is used continuously (^®). Binocular 
vision has been found to give a shght increase of sensitivity in some 
observers (^^). 

Flicker Photometer Speed. — Some flicker photometers are so 
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designed that it is difficult, if not impossible, to control the speed of 
alternation. This seriously impairs the efficiency of the instrument, 
for the range of absence of flicker mcreases with the speed (^®), so 
that it is clearly desirable to work at the mimmum speed at which 
flicker just disappears. This minimum depends on the degree of 
colour difference worked with as well as on the field brightness, being 
roughly equal to 6 jB® alternations per second, where B is the field 
brightness m photons, and a vanes from 0 26 to 0 13, while h varies 
somewhat irregularly between 6 and 10 as the colour of the hght 
compared with white changes from red to violet (’®). 

Pig 159 shows the frequency required for the ehmination of 
flicker when a white light (tungsten lamp) is compared with hghts 
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Pig 169 —The EfEeot of Colour Difierenoe on Flicker Speed. 


at different parts of the spectrum, while Pig 160 shows the variation 
of sensitivity with speed at three different values of field bnghtoess, 
the curves in this case shovnng the range over which flicker is absent 
at vanous speeds when a green and a white light are compared. 

In general it may be said that the TnimTinum speed increases 
with (i ) field bnghtness, (u.) separation on the colour triangle (see 
p. 303), and (lii ) irregulanty of the periods of exposure of the two 

comparison surfaces ('^’^) , -tt- -i 

Theory o! the Flicker Photometer.— Ives and Kmgsbury have 
proposed a theory of the behaviour of the eye under a transient 
or fluctuating illumination of the retma which, whatever its rdation 
to the actual phenomena, at any rate gives a rational foundation 
for the outstanding characteristics of the eye’s behaviour when used 
with a flicker photometer They suppose that the retma possesses 
a certain ‘‘ diffusivity ’’ for hght energy, ^ e., that the incidence or 
extmction of light on the retinal surface is not instantaneously 
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aocompamed by the full corresponding visual sensation, but that 
there is a certain rate of growth or decay of sensation, which depends 
on {a) the magnitude of the sudden change in retmal illumination 
which the eye is called upon to appreciate, and (6) the colour of the 
light causmg that change of lUummation The action may be 
illustrated by the behaviour of a lamp filament supphed with a 
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Jig. 160. — The Vanation of Sensibility with Flicker Speed 


regularly fluctuatmg current. For any given siae of fiilament, change 
of temperature will lag behind the change of current which produces 
it, owing to the heat capacity of the filament, and, if the fluctuations 
be sufficiently rapid, the amphtude of the temperature oscillations 
wiU be much less than the amplitude of the I^R oscillations. 
For the same frequency of oscillation a thick filament will produce 
more lag, and therefore a greater reduction of amphtude m the 
temperature oscillations, than a thin filament. If, then, the retina 
behave towards hght of different colours in a manner analogous to 
the behaviour of filaments of different thicknesses under current 
bsciUation, it will follow that — 

(а) If two ^ternating hghts of different colours, but of the same 
average intensity^ fall on the retina, as shown by the imaginary curves 
T and b of Fig 161, the result will be an outstanding flicker, as shown 
by the resultant curve a This represents the result of taking two 
coloured Lights on a vertical hne in Fig 160. 

(б) If two alternating lights of different colours fall on the retma, 
and their respective intensities are such that each has the same 
critical frequency, then, as shown m the imaginary curves r' and V 
and a' of Kg 162, the result will still be a flicker, for, considering 
Peohner’s law, it is reasonable to assume that equahty of critical 
frequency implies an equality of the amphtude of oscillation of 
intensity when expressed as a fraction of the mean intensity This, 
then, represents the result of taking two coloured hghts on a 
horizontal line in Fig. 160. 
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It foUowa that neither equahty of mean intensity nor equality 
of critical frequency, but some intermediate condition, will result in 
an absence of flicker at Tninimiun speed This theory has been 
developed (’®), and has been found to be in satisfactory qualitative 
agreement with the experimental facts described above, so that it 
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Fig 161 — The Theory of the Flioker Fig. 162 — ^The Theory of the Fhoker 
Photometer (I ) Photometer (IL) 

may be regarded as capable of providing something more than a 
useful mental picture of the behaviour of the eye towards a flickering 
light. 

Best Conditions for the Flicker Photometer.— Ives concludes {^) 
that for the comparison of lights of different colours the flicker 
photometer is the most sensitive, and gives the most reproducible 
results of any of the ordinary photometric methods. At high 
lUuminations it agrees with the steady comparison method when 
the latter is freed from the psychological uncertainties ioherent in 
its use (®^). Further, by a senes of careful experiments, he has 
proved that brightnesses which measure equal to the same by this 
method also measure equal to one another, and the sum of the parts 
IS equal to the whole (®2) He has suggested (®®) that the following 
are satisfactory conditions for the use of the flicker photometer — 

(i ) An illumination of the comparison surfaces of at least 
25 metre-candles (of the order of 120 photons with a natural pupil), 
and 

(u ) A photometric field of 2° diameter, surrounded by a bnght 
field of about 26° diameter, mamtained at approximately the same 
brightness as the photometric field 

In addition to the above conditions, the following have been laid 
down by A H Taylor (®^) as essential for accurate work m flicker 
photometry . — 

(ui ) There should be no dark ring between the photometric 
field and the surrounding bright field referred to m (ii ) 
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(iv.) When the moving parts of the flicker head are rotated 
slowly no shadows or unequally illuminated spots should be apparent 
m the field 

(v.) The two halves of the flicker field should be visible for equal 
len^hs of time durmg a complete cycle (®®). 

(vi.) The photometer head should remain stationary, and 
mtensities should be balanced by moving one of the lamps. This 
lamp should move with little effort on the part of the observer 
(vii.) In order to give smooth and steady running, it is recom- 
mended that a direct-current series-wound motor be run at or near 
its rated speed, a fly-wheel bemg used to give additional steadmess 
and a reduction of eight or ten to one being used between the motor 
and the moving parts m the head. 

(via.) The flicker photometer is not suitable for continuous 
work on account of its fatiguing effect. It should be used only for 
periods not exceeding about an hour. 

Modern Forms o! Flicker Photometer. — ^The conditions above 
laid down are fulfilled m at least two modem forms of flicker photo- 
meter. In the first of these, due to Ives and Brady (®®), the Bechstem 
prism is used (see p 251 and Pig. 151). The test lamp or sub- 
standard illummates the diffusing surface M (Pig. 163), while a 
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comparison lamp L flluminates an opal glass screen 0. The bright- 
nesses of these two surfaces are compared by means of a prism i-JS, 
which IS constructed on the Lummer-Brodhun principle, with a field 
of the form shown m detail at the bottom of the diagram. The 
field of view visible from E is made to travel over the mterface of 
the prism by rotation of a small 10*^ prism P, as in the case of the 
Bechstem instrument. F is a variable neutral filter of the form 
described on p. 180. 
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Ives has also described a polarisation mstrument, two forms of 
which are shown in Eig 164 (®'^) Two images of each half of the 
photometric field are formed by the double-image prism W, and the 
dimensions of the apparatus are so chosen that the horizontally 
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164. — Ives Polansation Flicker Photometers. 


polarised image of one half is superposed on the vertically polarised 
image of the other half The Nicol prism N is rotated, with the 
result that the total brightness of the field seen at E is equal to 

sin^ d cos® 0, where B^ and B^ are the brightnesses of the 
two individual fields This expression is equal to 

y cos 2e| 

SO that the transition from one field to the other is not sudden, but 
follows a sine curve. 

An altogether different type of instrument is that shown in plan 
in Fig 166 (®®) 5 IS a white surface of magnesium oxide illuminated, 

by way of the total reflection pnsm P, by the fight from one of the 
sources to be compared TF is a Whitman disc, which can be rotated 
at any desired speed about a horizontal axis Its surface is covered 
with magnesium oxide and is iQuminated by the other source of 
light so that, when viewed by the eye at P, the field of view seen 
through the small aperture A is alternately occupied by W and by S. 
A is of such a size as to subtend an angle of 2° at P. It is cut with 
a sharp (back-bevelled) edge in a concave surface P, which is also 
covered with magnesium oxide and is evenly lUummated by the 
small lamp i, the hght from which is transmitted through a piece 
of opal glass and is diffusely reflected from the white internal surface 
P. If P, /S and W be so arranged that the effective position of the 
front surface of S coincides with the white surface of W, this latter 
plane may be taken as the position of an infimtely thin photometer 
screen, so that no correction for thickness is necessary L is adjusted 
to give P a brightness of about 8 candles per square metre, and the 
distances of the sources to be compared are then arranged so that 
the bnghtnesB of the field at A has approximately the same value. 
The test lamp and photometer are then fixed and measurements 
are made by movmg the comparison lamp, the speed of rotation of 
W being reduced until flicker can be brought almost to disappear. 
Settings of the comparison lamp are then made to the point of 
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TniniT miTYi flicker. It is to be noticed that the surfaces of S and W 
are made of the same material, and that they are so arranged that 
a slight angular twist of the photometer head causes the moident 
light to change inchnation (relative to the Ime of view) in the same 
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Fig 166 — Guild’s FUoker Photometer. 


direction in both cases. Hence the angle error noticed on p 164 
with regard to the Lummer-Brodhun head is of much less importance 
in this photometer. 8 and W are easily removable, so that the 
white surfaces can be readily renewed by holding them over burning 
ma^esium ribbon. 

It will be clear that, in general, no form of sector disc can be used 
in combination with a flicker photometer owing to the mtroduction 
of stroboscopic effects. 

General Conclusions. — ^There seems to be no doubt that, while 
the steady comparison method is the best for comparing hghts which 
do not differ greatly in colour, for a direct comparison with a con- 
siderable colour difference the flicker photometer is more satisfactory, 
especially with unpractised observers, when the above conditions as 
to illumination and field size are observed (®^). One fact which 
cannot be too frequently insisted upon is that m all heterochromatic 
photometry, whether by the steady comparison method or by the 
flicker method, the brightness of the photometer field should always 
be well above the limit of the Purk3m8 or reversed Purkynfi effect. 
In addition it is most desirable that the size of field employed 
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should be specified Wherever accurate photometnc measurement 
IS necessary the mtroduction of a colour diflerence should, as far as 
possible, be avoided by the use of a properly standardised colour 
filter, or some similar device. This relegates the heterochromatic 
problem to the standardismg laboratory, where a large number of 
observers are available to make measurements on several occasions 
under the most favourable conditions as regards accuracy (®®) 

The Choice of Observers. — It has been assumed throughout this 
chapter that the observers making measurements in heterochromatic 
photometry are normal as regards colour vision, ^ e , that the curves 
they would individually obtain for the luminosity of the spectrum 
woifid not differ appreciably from that shown in Pig 186 (®^). 
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Fig 166 — ^Transmifision Curves of Solutions for Testing the Colour Vision of 

Observers. 


Undoubtedly there are many people who, while not noticeably 
colour-bhnd in the ordmary sense of the word, have pecuharities 
of colour vision, such as diminished sensitivity in some region of the 
spectrum, which render them unfit to make a comparison between 
lights of different colours (®^). 

It IS clearly impracticable to have each observer make a complete 
determination for his own eye of the luminosity curve, and a more 
rapid method of testing for departures from normal colour vision 
consists in the determmation by the observer of the relative trans- 
nussion factors of specified yellow and blue solutions (®3). For 
observers with normal colour vision these solutions have the same 
transmission factor when used in a thickness of 1 cm before a 
2 7 l.p.w. (4 wp.c.) carbon filament lamp The solutions are, 
respectively, 

(1) 72 grams potassium bichromate to 1 litre of water, and 

(2) 67 grams copper sulphate to 1 htre of water 

Only observers, or groups of observers, who find for these solutions 
approximately equal transmission factors when used with a 2*7 1 p.w. 
lamp, should make observations m heterochromatic photometry, 
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although. Ives and Eangsbury have developed a method involving 
the use of absorbing media by means of which any observer can be 
corrected to normal. 
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CHAPTER IX 

SPECTROPHOTOMETRY 


In ordinary photometry the hght emitted by a source is measured 
as a whole, and quite irrespective of its spectral distribution, i.e., of 
the relative intensities of the components of difEerent frequencies. 
Eor many purposes, however, including heteroohromatic photometry 
by certain methods (see p. 240), it is necessary to know in what 
manner the integral hght is made up of its spectral components. 
In order to obtam this information it is necessary first to disperse 
the composite light by some device, such as a prism or grating 
(see p. 24), and then to measure the mtensity of each component, 
or, in practice, the small group of components lying withm a certam 
narrowly-restncted region of the spectrum. 

This measurement was at first made by comparing the hght 
emitted by a source within given limits of frequency with the total 
hght given by the same or any other convement source (^), or by 
using some “ absolute ” criterion for estimating its intensity (^), 
such as visual acuity (®) or the reduction necessary for extmotion. 
In aU modem spectrophotometry, however, the hght emitted by the 
source under ex amin ation is compared with that given by a standard 
source in the same spectral region. If the spectral distribution of 
the hght given by the standard source be known, a comparison of 
this land at every part of the spectrum gives at once the spectral 
distribution of the hght from the test source (^). 

The Standard of Spectral Distribution. — ^The most fundamental 
form of source giving hght of a known spectral distribution is the 
“ black body,” or complete radiator,” described in Chapters II. 
and V (pp 33, 132), which, when operating at the temperature 
of melting palladium (1,829° K ), gives radiation having the spectral 
distribution shown m Fig 167 Unfortunately, this temperature 
is so low compared with that of most modern hght sources that the 
comparison at the blue end of the spectrum becomes very unsatis- 
factory, and it is therefore desirable to use a black body at a higher 
temperature as a standard of reference (see p 133). The use of this 
form of black body is attended with considerable experimental 
difficulties, and its emplojnment as a standard of spectral distribution 
is therefore generally confined to the standardising laboratory, 
some more convement, though less fundamental, radiator being 
used m ordinary work The acetylene flame in various forms has 
been employed extensively for the purpose and its spectral distribu- 
tion has been very carefully determined (®) Tungsten, although it 
does not radiate m exactly the same manner as a black body, does 
so sufficiently closely withm the visible spectrum for the spectral 
distribution curve of a tungsten filament glow lamp to be used as 
a standard of reference withm the limits of accuracy generally 
required (*). 
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True Temperatnre» Colour Temperature, and Black- Body Tempera- 
ture. — is convenient to refer here to the terms commonly used 
for describing the radiation characteristics of a body. The true 
temperature is defined as the temperature of the body as measured 
on the Kelvin thermodynamic scale (^), or, what is equivalent to 
it for most practical purposes, the gas thermometer scale given by 
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Fjq 167 — ^The Energy Distribution from a Black Body at 1,829® K 

the relation P cc T, where P is the pressure of a given mass of an 
ideal gas, such as hydrogen, mamtained at constant volume. 

The “ black-body temperature (sometimes called the “ bright- 
ness ” temperature) of a body is the temperature of the black body 
whose brightness is the same as that of the body m question at a 
given part of the spectrum, generally a fairly narrow region in the 
neighbourhood of = 16,400 (A = 0*650 fi), Eor a body which 
radiates at all frequencies exactly as a black body, the ‘‘ black-body 
temperature ” is necessarily identical with the true temperature 
For all other bodies giving purely thermal radiation (®), most 
solid bodies radiating under open conditions, the black -body 
temperature ’’ cannot be greater than the true temperature, smee 
the emissivity of such a body cannot exceed that of a black body 
at any part of the spectrum (see p. 34), and therefore at the par- 
ticular frequency at which measurements are made. 
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For some bodies of practical importance in photometry {eg., 
platinum and tungsten) the emissivity is a nearly constant fraction 
of that of a black body for all frequencies m the visible spectrum, 
but not for every frequency. In these cases the colour of the hght 
emitted is nearly the same as that from a black body at the same 
true temperature If the emissivity be shghtly higher at the red 
end of the spectrum, it will be possible to obtain a sensation colour 
match (^ e , one which wiU appear correct to the eye) when companng 
the body with a black body at a slightly lower temperature, while 
if the emissivity of the radiating body mcrease shghtly towards the 
blue, the hght from the body wiU give a sensation colour match with 
that from a black body at a temperature which is slightly higher 
than the true temperature of the body. In either case, the tempera- 
ture of the black body which gives light of the same apparent colour 
as that given bv the radiating body, is known as the ‘‘ colour 
temperature ” oi that body (®), and this, clearly, may be either 
higher or lower than the true temperature of the body, owing to the 
inability of the eye to distinguish between the hues of hghts of 
slightly different spectral composition (^®). 

Fig. 168 wiU illustrate the difference between the true and the 
black-body ” temperatures Curve A shows the radiation from 


Fia 



168 — ^The Relation between True Temperature and Black Body (Brightness) 
Temperature 


a black body at a temperature of 2,220® K. Curve B shows the 
radiationfromagrey body with emissivity 0*20, radiating at 2,220® K. 
Curve G shows the radiation from a black body at a temperature 
of 1,910® K It will be seen that B and G have the same ordinate 



272 


PHOTOMETRY 


at V = 16,400 (A = 0-660 fi), so that the “ black-body ” temperature 
of the grey body, measured at this frequency, is 1,910° K. Since the 
ordmates of curve B are proportional to those of it follows that 
the light from a grey body will match in colour that from a black 
body at the same temperature, as indeed is obvious a prwn In 
Eig. 169 curve A shows, as before, the radiation from a black body 



!Fi(j. 169 — ^The Eelation between True Temperature and Colour Temperature 


at 2,220° K., while curve B now represents that given by a body at 
the same true temperature, but having an emissivity varying from 
0-8 at v = 16,000 to 0 6 at v = 20,000 Curve G shows the radiation 
curve of a black body at temperature 1,966° K. It wiU be seen that 
the ordmates of curve B are everywhere so closely the same as those 
of curve G multiplied by the constant factor 2 93 (small circles) 
that the light given by the radiating body would match that from 
the black body at 1,955° K. very closely indeed. The “ colour 
temperature of the body would therefore be 1,965° K , ^ e , 265° 
lower than its true temperature, 

Smce, at any given temperature, a black body has the greatest 
possible emissivity at all frequencies (see p. 34), it follows that the 
brightness "temperature of a body can never exceed its true tempera- 
ture The colour temperature may, however, be either greater or 
less than the true temperature, as stated above. 

The Tungsten Lamp as Radiation Standard. — A slightly selective 
radiator, such as a tungsten filament electric lamp, may, then, be 
used as a standard of spectral distnbution by regarding it as the 
equivalent, for practical purposes, of a black body operating at the 
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“ colour temperature ’’ of the lamp. This colour temperature is 
given by the relation (curve A, Pig 170) 

logio = 2 864 logio — 1^206) - 7-840, 
where L/JV is the efficiency of the lamp in lumens per watt, corrected 
for the coolmg efEect of the leading-m wires and filament supports (^^). 
Prom this relation it will be found that a tungsten lamp operating 
at an efficiency of661.pw (18wpmhc) may be assumed to emit 
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170 — The Relation between Colour Temperature and Efficiency for Eleotrio 

Lamps 


hght of the same spectral distribution as a black body at 2,220° K., 
% e., its spectral distribution curve has the form shown in Pig. 168. 

A similar relation for a carbon lamp is (curve B, Pig. 170) 

logio LjW = 2 789 logio {T - 1,270) - 7-724. 

Carbon behaves as a black body more closely than tungsten (^^), 
but it cannot be used at any temperature above about 2,000° K 

When electric glow lamps are used as standards of spectral 
distribution it has to be remembered that the effect of blackening 
of the bulb, which takes place gradually as the lamps are used, is to 
lower the apparent temperature of the filament (^®) 

The accuracy with which it is possible to make a colour match 
is, in the case of experienced observers, about one-quarter of 1 per 
cent, in temperature (^^). 

A colour temperature scale may, clearly, be set up by means of 
the leucoscope (see p 244), using a convement source of known 
colour temperature (^®) 

The Spectrometer. — In the foregomg sections a description has 
been given of the manner in which a standard of spectral distribution 
may be obtained The remainder of this chapter wiU be devoted to 
a description of the methods which may be employed for comparing 
the spectral distribution of the unknown light with that from the 
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that the frequencies in the spectrum formed by a grating were so 
distributed that dX/dx was constant throughout the spectrum (to 
the accuracy with which tan 9 = sin 9) In the case of a prismatic 
spectrum, however, no such simple relation between frequency and 
separation can be found, for the refractive index of glass is not a 
hnear function of the frequency of the light, so that the spacing in 
the spectrum is uneven and is, moreover, difiPerent for difiEerent kinds 
of glass. It follows that, owing to the overlapping of the images of 
the slit, the total light reaching any given pomt of the spectrum is 
greater at the parts where the crowding of the images is denser, 
^ e , where the (hspersion is less, and vice versd (2^). 

Although this effect has not generally to be allowed for in visual 
spectrophotometry where, as vSl be seen later, both the spectra 
compared are equally affected, it does enter into the sht-width 
correction to be described at the end of this chapter Moreover, in 
the determination of spectral energy distribution by any absolute 
method as, for example, by means of a thermopile (see p 319), the 
correction for dispersion must always be made, for what is required 
is the energy withm a given wave-number (or wave-length) mterval, 
and the interval included by the spectrometer slit is different for 
different parts of the spectrum. In fact, if the calibration curve of 
the spectrometer be plotted, its differential gives the multiplying 
factor to be applied at each frequency to convert prismatic intensity 
to the mtensity m an even frequency spectrum For if 8 v be the 
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Fra 172 — ^Typical Dispersion Curve for a Glass Prism 

effective slit width at wave-number v, while l.p and are respectively 
the prismatic and the even-frequency mtensities, then l„l%v = Ip A 
typical dispersion curve is shown m Ihg 172. 

The Spectrophotometer. — ^Erom what has been said above it will 
be clear that every spectrophotometer consists of the following two 
principal parts — 

(i.) Apparatus for analysing the hght given by the two sources 
to be compared, and for presenting to the eye, m a suitable 
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for photometric comparison, a limited region of the spectrum from 
each source 


(u ) Means for readily altering the brightness of one or both 
parts of the spectral field in a continuous and known manner. 

The first part consists of an optical device similar m action to 
a spectrometer, the hght from the two sources compared being 
admitted either into two separate coUimators or, by two slits (or 
different parts of a smgle sht), into a smgle collimator When two 
slits are used the hght from the sources may convemently be 
reflected on to them by means of total reflec- 
tion prisms, as shown in Eig 173 2). k ^ 

There are two principal types of spectro- 
photometer field. In one of these the lights j i 

to be compared are presented to the eye in the i ] 

form of two spectral bands placed one above ] [ 

the other, shutters being provided for isolat- 
ing the particular portion of the spectrum GoLlunobor 

bemg studied In the other form of field the op S{iAebiom.eb(M* 
MaxWhan view is employed (see p 109), so 173 -Double Prism 
that the field appears homochromatic, although Attachment for a Speo- 


GoLluncLhor 

Of 


the hght entering the eye is not strictly homo- trometer 
geneous. These two types of field will be 
referred to as the juxtaposed spectra t3^e and the homochro- 
matic field type respectively. The latter type generally gives 
a more satisfactory form of field as regards accuracy of equahty 
match. The precautions to be observed as regards size of image 
when the Maxwelhan view is used have already been mentioned 
(see p 110). The punty of the field is naturally governed by the 
breadth of the ocular aperture or of the natural pupil, whichever is 
the smaller The juxtaposed spectra type of field possesses the 
advantages that (i ) stray hght is comparatively unimportant, and 
(u.) any rapid changes in intensity of either spectrum can be at 
once seen, and the degree of uncertamty arising from this cause 


(see p. 287, infra) can be estimated. 

The necessity for a fine and sharp hne of demarcation between 
the comparison surfaces as seen by the eye is just as important m 
spectrophotometry as in ordinary photometry (^®), and many of the 
older forms of spectrophotometer fail in this respect. 

The means used for brightness control in ordmary photometry 
may also be employed in spectrophotometry, but the inverse square 
method is not generally suitable, since it is important to have very 
bnght comparison surfaces (especially when working at the ends 
of the spectrum, where the luminosity is low), and the distances 
from the source to the spectrometer slit are, therefore, generally 


of the order of a few centimetres (^4) 

Stray hght, due to reflections from the sides of the collimator 
or telescope if the diaphragm system be not perfect, and to scatter- 
ing from the glass surfaces due to dust or scratches, is sometimes 
a cause of inaccuracy in spectrophotometry, particularly at the 
ends of the spectrum, where the luminosity is low This trouble 
may be avoided by the use of suitable filters over the eyepiece 
A filter having a high transmission in the red end of the spectrum 
and a low transmission elsewhere is Jena 4612 (or Coming G 24), 
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whole for use in the blue end Jena 3664 (or Corning G 586) is 
suitable. 

Early Spectrophotometers. — ^The first instrument (after those 
mentioned on p. 269) was that of Vierordt (^®), m which the 
diaphragm method of brightness control was employed. This 
instrument consisted simply of a spectrometer in which the colli- 
mator was provided with a divided slit. Each half of the slit was 
illummated by one of the sources to be compared, and the widths 
of the two halves were separately adjusted until the portions of the 
two spectra seen in the eyepiece were equally bright 

The method of equahty adjustment by alteration of sht width, 
even when symmetncally opening shts are used (^®), is unsatisfactory, 
both from a practical and a theoretical point of view It is iiecessary, 
m order to obtain the requisite range at different parts of the 
spectrum, to use a slit width varying from at least 1 mm. to a few 
hundredths of a millimetre In the former case the spectrum is very 
impure (see p. 276), and in the latter case an error of 1 per cent. 
IS produced by an inaccuracy of less than 0 001 mm , and diffraction 
effects introduce considerable uncertainty into the measurements. 
The results are further complicated by the fact that the correction 
to be applied on account of slit width vanes according to the width 
employed. It is therefore desirable in spectrophotometry always 
to work with a fixed sht, so that the correction for sht width may 
be applied with certainty (see p 287) 
i The Lummer-Brodhun Spectrophotometer. — ^In this 

instrument (^’) two separate coUimators, Gi and 
(Fig. 174), are used for the two sources being com- 
pared. The parallel beams from C-^ and traverse 
a Lummer-Brodhun pnsm L and the dispersion prism 
P, and then enter the telescope P, which is focussed 
on the interface of L. Smce the division between the 
two parts of the field must be sharp, and must dis- 
appear at the point of balance, 
the dividing hues in L are 
necessarily horizontal (^®), and 
when the contrast pnnciple is 
used the field has the form 
shown in Fig 176 For the 
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Pig. 174 — ^The Lummer-Brodhun 
Speotrophotometer 
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Pig 176 — The Contrast Pield of the Lummer 
-Brodhun Spectrophotometer 


adjustment of the two parts of the field to equality either a 
vanable sector disc, a variable sht m one coUimator, or alteration 
of the distance of one of the sources from its sht may be used. 


SPECTROPHOTOMETRY 


279 


A convenient form of disc for this purpose is that of Brodhun, 
described in Chapter VI (p. 178), or a special form of disc with 
openings as shown m Pig. 176 (2®) The 
curves forming the edges of the sectors 
are such as to give an approximately 
uniform percentage rate of change of 
transmission for a given alteration of cZ, 
the radial distance of the sht from the 
disc axis. The disc is mounted on a 
carnage, which can be moved along a 
‘‘ vee ’’-shaped track in a castmg to which 
the base of the spectrometer is ngidly 
attached. The distance d is varied by 
moving the disc carriage along this groove 
by means of a screw, and is measured on 
a TYnlliTYietre scale attached to the base at 
the side of the groove, a movement of 
0 1 mm. at any position giving an alteration of about 0 8 per cent 
in the value of the transmission factor at that positiion. 

Other instruments, somewhat similar in principle to the Lummer- 
Brodhun, are (i ) the Brace spectrophotometer (®®), in which the 




photometer prism and the dispersion prism are combmed as shown 
in Pig 177, a central strip of the interface between the two halves 
ABD and ACD being silvered before these are cemented together, 
and (ii ) the differential spectrophotometer (^^), in which the equality 
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of field IS produced by variation of the collimator shts, the movement 
being so arranged that the sum of the two shts always remains 
constant. The diaphragm method of equahty adjustment has also 
been used, the beams to be compared passmg through stopped lenses 
before they reach the spectrometer 

Another mstrument, similar to the Lummer-Brodhun, but based 
on the Hrlger constant deviation spectrometer, is that shown diagram- 
matically m Fig 178 A second coUimator is mounted above and 
parallel to that of the spectrometer by means of two supports A and 
By one of which is provided with adjustments for securing exact 
parallehsm of the collimators An image of the luminous disc of a 
600 o.p. ‘‘ pomtolite ” lamp is focussed on the slit of each coUimator by 
means of lenses G and D and achromatic prisms E and F The photo- 
metric prism 0 18 built of two parts, a parallelopiped and an isosceles 



Pig 178 — Guild’s Speotropliotometer 

prism A central strip of the hypotenuse face of the latter is ground 
away, and the remainder put m optical contact with one of the short 
faces of the paiallelopiped to form a composite pnam of the shape 
indicated m the figure Light from the lower coUimator paases 
straight through this prism except at the part of the mterface where 
there is no optical contact. Light from the upper coUimator is 
totally reflected down the prism by the first mchned face. At the 
part of the mterface where there is no optical contact it is totaUy 
reflected m a direction paraUel to the beam from the lower coUimator, 
whereas at the regions of optical contact it passes straight down and 
IS lost After passing through the dispersmg system of the spectro- 
scope the two beams are focussed as supeiposed contmuous spectra 
m the focal plane of the telescope H The eyepiece of the latter is 
replaced by a sht, and an eye placed there sees the mterface of the 
prism G as a photometric field of three horizontal strips, the central 
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one of which is illuminated by light from the upper coUimator, and 
the outer ones by hght from the lower colhmator The brightness 
match IS obtained by means of a senes of sector discs of the type 
described on p 178, the mterval between successive discs being 
bridged by means of a double neutral wedge placed m front of the 
lower sht 

In all these instruments the homochromatic type of field is used. 

Polarisation Spectrophotometers. — A number of different spectro- 
photometers depend on the polarisation method of intensity varia- 
tion (®^), In many of these a single oOllimator is used, and an image 
of one part of the slit formed by light polarised in one plane is 
compared with an image of the other half, either unpolansed, or 
polarised in the perpendicular plane A Nicol pnsm placed in the 
path of the hght is used for producing the photometnc balance, as 
m the Martens polarisation photometer (see p. 173) Of the spectro- 
photometers of this class the most commonly used is probably that 
designed by Konig and modified by Martens Fig. 179 shows 
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Pig 179 — ^The Kfimg-Martens Spectrophotometer 


diagrammatically a section through the instrument perpendicular 
to the plane of the hght rays, the bend of the rays at P bemg ignored 
for the sake of clearness The light from each of the two halves of 
the sht, a and 6, after passing through the dispersion pnsm P, enters 
the Wollaston pnsm W and, after separation into two parts polarised 
m mutually perpendicular planes, passes through the biprism B and 
forms, therefore, four senes of images of both a and 6 Of these 
four senes of images of a, two, tu , % and ^^e polarised m one 
plane and are formed respectively by the two parts of the bipnsm, 
while the other two, a\ and a'g, are polansed m the perpendicular 
plane One senes of images of a, viz., a^, is caused to coincide with 
one senes of images of b, viz , h\, and the remaining images are 
stopped off so that an eye placed at any point along the line formed 
by the two senes of images sees the part 2 of the biprism bnght 
by reason of hght from a which is polarised m one plane, and the 
part 1 of the biprism bright by reason of light from b which is 
polansed m the perpendicular plane A Nicol pnsm placed in the 
path of the hght at and capable of rotation about an axis lying 
along the direction of the hght rays, gives a means of determining 
the ratio of the mtensities of the two images just as in the ordinary 
Martens photometer. The position of the eye along the line of 
images (perpendicular to the paper) determines the frequency of 
the hght for which the comparison is made. In practice the eye is 
not moved in order to make compansons at different frequencies, 
but the pnsm P is rotated about an axis perpendicular to the plane 
containing the colhmator and telescope axes until the image formed 
by light of the desired frequency is formed at the position of the 
eyepiece. The plane of the hght rays through the spectrometer is 



282 


PHOTOMETRY 


generally vertical in the Konig-Martens instrument, and horizontal 
in most other forms. Two pnsms of small angle, and P 2 , are 
introduced for the purpose of diverting hght reflected from the 
surfaces of the various optical elements 

Other spectrophotometers employmg the polarisation method 
of brightness adjustment are those of Gian (3«), whose instrument 
IS very similar in principle to that of Komg-Martens, except that 
there is no biprism, so that two images of each sht are produced 
instead of four. In Glazebrook’s mstrument (®'^) two widely- 
separated beams are polarised in mutually perpendicular directions 
by two Nicol prisms, and equahty is produced by the rotation of a 
third Nicol. In the Orova form (®®) there are two Nicols in one of 
the beams to be compared, so that the brightness of this beam is 
proportional to sin® 0, where 9 is the angle between the two Nicols 
The instrument suggested by Zenker is similar, but has three Nicols, 
the centre one bemg moved so that the brightness vanes as sm^ 0 (®®). 
All these instruments have the juxtaposed spectra t 3 q)e of field. 
H. Wild has devised a modification of his polarisation photometer 
(see note (33), p 11), m which the critenon of equality is absence 
of polarisation as indicated by a Savart polanscope (*i). Komgs- 
berger has designed a spectrophotometno addition to his micro- 
photometer (see note (71), p 408) in which the same critenon of 
equality is used. 

The Brace mstrument (see p. 279) has been improved by the 
insertion of a polarising device in one beam, instead of the variable 
slit onginaUy used to obtain the photometnc balance (^®). This 
modified form, known as the Brace-Lemon spectrophotometer, is 
shown in Pig. 177. 

Instruments for use with Spectrometers. — Several instruments 
have been devised for us© in combination with any form of 
accurate spectrometer (^). Of these the first was that of G 
Hufner (^®), who employed a rhomb of the form shown m Fig 91 
(p 160) m front of the sht so as to produce an effective division of 
the sht with a very sharp hne of demarcation. The light entering 
one half of the rhomb was polarised by means of a Nicol pnsm, and 
photometnc balance was obtained by means of a movable Nicol placed 
in the ocular of the spectrometer. A similar instrument has been 
designed in which the diaphragm method of equahty adjustment 
IS used instead of the polarisation method (^®) In P6ry's instrument 
the double neutral wedge method of intensity adjustment is 
employed (^^). 

r Other instruments designed to be used with an ordmary spectro- 
meter are those of Ives (homochromatic) and Nutting (juxtaposed 
spectra) (^®) The last named, as subsequently modified by Adam 
Hilger & Co , of London, has the form shown m Fig 180 The two 
parallel beams of light to be compared enter the apertures A and B 
of the photometer The beam entering the photometer at A is 
totally reflected at the face a of the pnsm and again at the 
silvered upper and lower parts of the face b. This face, however, 
is in optical contact with the prism Pg over a central horizontal 
unsilvered stnp about 2 5 mm broad, as shown m detail in the 
figure. It follows that the light from A which reaches this band 
travels on without reflection and is absorbed m the blackened waH 
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of the photometer box The light entering at B passes through a 
fixed Nicol pnsm and is transmitted directly through the central 
parts of the prisms Py and where the surface b is unsilvered, 
while the upper and lower parts of this beam are reflected to the wall 
of the box and there absorbed. Thus the beam leavmg b consists 
of three parts, the upper and lower, unpolarised, from A, and the 
centre strip, plane polarised, from This tripartite beam then 
passes through a second Nicol pnsm N^, which is capable of rotation 
at wiU about its axis The centre part of the beam is therefore 
reduced m intensity by the factor cos® 6, where B is the angle between 
the optic axis of and the (fixed) optic axis of The light 
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I^a 180 — The Nuttmg-Hjlger Spectrophotometer. 


passing through is made approximately parallel by adjusting 
the position of the lens according to the distance of the hght 
source from the apertures A, B (^®). Cg is then moved so that the 
edges of the silvered parts of b are focussed sharply on the spectro- 
meter sht. The appearance of the field seen at E is, therefore, as 
shown in detail at the top of the figure, the brightness and punty 
of the spectrum bemg governed by the width of the sht The 
spectral range seen is adjustable by means of shding shutters 82- 
These isolate a field of any desired breadth on either side of the 
pointer which indicates the exact region corresponding to the wave- 
length shown on the rotatmg cyhnder head H of the pnsm The 
centre part of the field is brought to equahty with the upper and 
lower parts by rotating N2* If ^ be the angle at which equahty is 
found, the ratio between the intensities of the beams entermg A and 
jB jespeotively, v%z , is cos^ 6/cos^ a, where a is an instrumental 
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constant found by a measurement in which, the same soun 
illuminates both apertures, so that Ib = 

In addition to the angular scale giving B directly in degree 
there is a second scale giving values of — 2 logjQ cos B, It follows thi 
if the reading on this scale be a when the two sources are beic 
compared^ and h when the same source is illuminating both ape 
tures, then a = — log^o cos^ 0, and b = — logio cos^ a, so thf 
(6 — a) = logio (oos^ 0/cos^ a) = logio 

When the instrument is being used, not for the comparison ( 
two different sources, but for the measurement of the transmissio 
factor of a filter for light of various frequencies, the total reflectio 
prism G IS removed, and the double pnsm arrangement shown i 
Fig. 181 IS placed at a fixed distance from a single source Th] 

pnsm arrangement forms two bean 
(with parallel axes), which enter th 
apertures A and 5, and the filter 
placed in the path of one of then 
The measurement is then made a 
before, and in this case the tranj 
mission factor of the filter is give 
by = cos^ B/cos^ a, where is th 
factor for hght of wave-number v, th 
wave-number mdicated by H whe 
the comparison is made On th 
other scale this becomes (b -- a) - 
logio so that = 10* “ 

If the instrument be carefull 
adjusted so that a = 0, the 
6 = 0 and log^o (lOOr,,) = 2 + logio ^ ^ so that th 

percentage transmission = 10^^ 

This mstrument possesses the double advantage that it can b 
used m combmation with any good spectrometer, and the wid 
separation of the apertures A and B permits the measurement of th 
transmission factor of a filter of ordinary size at any part of it 
surface, and not only at the edge 

In a later model two auxiliary Nicol prisms are used, one behnu 
each of the apertures A and B By this means the two inciden 
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Fig 181 — The Double Pnam for Use 
with, a Spectrophotometer for the 
H e a B u remeut of Transmifision 
Factors. 
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Fig 182 — ^The BeUmgham-Stanley Spectrophotometer. 


beams are polansed in planes mutually at right angles, and therefon 
Js/Iji = tan^ fi/tan® a, as in the Martens photometer (see p 176) (®“) 
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Another instrument designed for use m oombmation with a 
spectrometer is that shown in elevation in Eig. 182 The two 

comparison beams from the hght source L pass into the. instrument 
at A and B. The beam B passes through a fixed Nicol prism 
and then, by way of a total reflecting pnsm P of special form, 
through the lower calcite plate C-^ The beam A passes through the 
movable Nicol and the upper calcite plate The calcite plates 
are of such dimensions and so cut with respect to the optic axis of 
the crystal that only the extraordinary ray is transmitted The 
two beams illuminate S, the collimator slit of the spectrometer. 

This instrument has been designed for use with the form of 
spectrometer shown in plan in Pig 183 The hght entering 
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Pio 183 — The Belluigham -Stanley Spectrometer 



S is reflected by the prism R to the concave mirror M, and thence 
to the dispersing prism P This pnsm is silvered on the back surface 
and so reflects the 'hght back to M, from which it is again reflected 
to the eyepiece. The focal length of M is such that an image of 8 
IS formed at 8\ The frequency of the hght reaching 8' depends 
upon the position of the pnsm P, which can be rotated by means 
of the arm and micrometer screw O. 

The field of this spectrophotometer is, again, of the juxtaposed 
spectra type The photometric balance is obtamed by rotating 
until equahty is obtained It will be seen that the planes of polarisa- 
tion of the beams reachmg 8 are strictly parallel. 

A source of error which has to be carefully considered in the 
design of polarisation spectrophotometers is the partial polaneation 
introduced by passage through glass surfaces, such as those of the 
dispersion pnsm. According to Presners equation (^®) (see p 112), if 
unpolansed hght fall on a reflecting surface (such as a glass surface) 
at an angle of incidence 0, and if 0' be the angle of refraction, the 
reflection factor for hght which is polarised m the plane of mcidenoe 
IS pj[ = sin^ (0' — 0)/sm2 (0' + 0), while for that polansed in the 
perpendicular plane it is pp = tan^ (0' — 0)/tan^ (0' + 0). The 
corresponding transmission factors will be = 1 — pj and Tp = 
1 — Pp. Since in a pnsm at the angle of mimmum deviation (the 
usual arrangement in a spectrometer) the angle of mcidence on 
entermg the pnsm is equal to the angle of refraction on leaving 
it (®^), the transmission factor of the whole pnsm for hght polansed 
in the plane of incidence is (1 — while for hght polansed in the 
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perpendicular plane it is (1 — pp)^ (neglecting absorption in both 
cases). The values of these factors for a 60° pnsm for which 
n = 1*658 are respectively 0*651 and 0 997. 

When, therefore, a spectrum produced by such a prism is observed 
through a polarising pnsm, and the latter is rotated, the beam 
varies m mtensity from (1 pp)^ to (1 — p^)^. The matter has 
been treated fully by Hufner and also by Twyman (®®), who com- 
pensated for the effect m the Hufner instrument by using a 
rhomboidal prism of such an angle that the anfiount.of polarisation 
produced in it was equal and perpendicular to that produced in the 
dispetsion prism. 

The difficulty may be entirely avoided in either of two ways 
as follows (i.) the hght, after traversing the dispersing prism, may 
pass through a fixed polanser before reaching the movable Nicol 
(as in the Komg-Martens instrument), or (u ) the polansing device 
for changing the relative intensities of the beams may be arranged 
so that both beams are always polarised in the same plane when 
passing through the dispersing prism (as in the Nutting and 
Belhngham-Stanley instruments) 

It will be clear that all polarisation instruments must be liable 
to error if either of the mcident beams contain any polarised light (®°). 
This difficulty can only be overcome by adopting the procedure 
described in connection with the Martens photometer (see p 175). 
It is far preferable, however, to use some other type of instrument 
for the measurements in this case. 

Flicker Instruments. — The use of the flicker principle is unneces- 
sary in ordinary spectrophotometry, since colour difference is entirely 
eliminated. Instruments of the flicker type have, however, been 
designed (®’) in connection with the determination of the sensitivity 
curve of the eye (see p 294), since for this purpose it is necessary 
to make a photometric comparison between the brightnesses of two 
fields ^hich are respectively illuminated by hght from two different 
parts of the spectrum 

Photometric Procedure. — Throughout this chapter it is assumed 
that the substitution method is used, %.e , that when two sources 
are compared, they are each measured by companson with a third 
source which may be assumed to remam constant throughout the 
experiment 

The sht or shts of the spectrometer should, whenever possible, 
be illuminated by diffused hght. This may generally be arranged 
by causmg the source to fllurmnate either a reflectmg surface, such 
as magnesium carbonate, or a transmitting surface, such as depohshed 
opal glass, and then forming an image of a portion of this surface on 
the colhmator sht Shght selectivity of the diffusing material is 
unimportant so long as strict substitution between the test source 
and the sub -standard is arranged 

It should be noted that the measurements made m speotro- 
photoinetry are nearly always relative, i e , it is the form of the 
spectral distribution curve that is required, and not the absolute 
intensity at any given frequency If absolute values are needed it 
IS often convenient to obtain these by comparing the integral candle- 
power of the test source, obtained by ordinary photometric methods, 
with the candle-power obtained by weighting the energy distnbutioii 
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curve in accordance with the sensitivity curve of the eye (see p 294). 
H this method cannot be used, as, for example, when a comparison 
is made at one region of the spectrum alone, the diffusing surface 
should preferably be a reflector, and should be at a sufficient distance 
from the source to ensure that the brightness of the reflecting surface 
bears a constant ratio to the candle-power when one source is 
substituted for another. 

The accuracy attamable in photometric measurements is 
naturally less than that generally expected m ordinary photometric 
measurements under good conditions (®®) 

Sht-width Correction. — ^It has been pointed out already that, 
owing to the fimte width of the sht of a spectrometer, the hght 
reaching any pomt of the spectrum is not homogeneous, but consists 
of a mixture of waves covering a given range of frequencies This 
lack of purity of the spectrum does not introduce any senous error 
into a spectrophotometnc comparison so long as the spectra com- 
pared are continuous and not very different in energy distnbution 
When, however, an irregularly distributed spectrum, such as that 
given by a Welsbach mantle, is compared with a black-body 
spectrum, or when two black-body spectra correspondmg to widely 
different temperatures are compared, the correction for the fimte 
width of the sht cannot be neglected The mathematical treat- 
ment of the problem is somewhat lengthy, and for it the ongmal 
papers should be consulted (®°) The method of applymg the 
correction will best be understood from an example Let the energy 
distribution curve of the standard source be represented by f{v), 
and that of the test 
source by v) . Further, 
let the luminosity curve 

of the impure spectrum c 

of the standard source ^ 

as seen in the spectro- 
photometer be repre- 
sented by F{v), and let 
the ratio of the inten- 
sities at any wave-num- 
ber V he p{v). In Fig 
184 let the carve ABG 
represent the function 
p{v)F{v), and let OP ^ 

represent a given wave- 
number V, Let PM and 
PN each represent a o 

wave-number i n terval 
equal to \{a -f 6), where 
2a and 2b are respec- 
tively the breadths of 

the collimator and telescope shts in terms of the wave-number scale 
of the spectrometer Let BD = 8(v). Then it may be shown that 
if n^bja, 

_ {p{v)F(v) - lh{y) + m8'(v) - . } 

Toy - I F(v) - ?8o(v} + m8^o(^)- } 


§ 

I 
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184 — The Slit-width Correction m Spectro- 
photometry 
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where i! = (1 + ^^)/6(l + Tif 

and m = (6 + 6n + lOn^+ 5n^ + 6n^)/l^0{l + n)^, 

Sq{v) is found in the same manner as S(i^) from the curve for F{v), 
and 8 '(t/) and 8o'(v) are found m an exactly similar maimer from 
the curves for 8(v) and 8o(v) It should be noticed that S( v) is positive 
when the curve is convex towards the v-axis When a == b the 
expression reduces to 

cl>{v) _ {p{v)F(v) - 8(v)/ 12 + 8-( v)/9Q - [ 

f(v) ” { F(v) - 8,(0/12 + 8',(.)/90 - .} 

F{v) may be calculated from f(v) if the dispersion curve of the 
spectrometer prism be known, for F{v) ccKy f(v)jA{v), where A(x/) 
represents the dispersion (see p 275) and the luminosity hinction. 

It is to be remarked that in the case of an instrument in which 
the spectrum is viewed by means of an eyepiece, 2b represents the 
width of the aperture hmitmg the spectral region viewed by the eye. 
In the case of an instrument in which the Maxwellian view is 
employed 2b represents the width of the pupil in the eyepiece, or the 
natural pupil, whichever be the smaller. The above treatment holds, 
mutaUs mutandis, if wave-lengths be worked with instead of wave- 
numbers. 

The Use ol Colour Filters for Approximate Work. — Rough spectro- 
photometric detemunations may be earned out with any ordinary 
form of photometer by placing over the eyepiece coloured media 
having comparatively narrow transmission bands in the different 
parts of the visible spectrum (®^). The relative intensities of the 
two hghts compared are thus obtained for the regions of the trans- 
mission bands of the media. Special glasses or gelatine filters 
suitable for this purpose have been prepared (®2). By using a 
modified form of direct-vision spectroscope in the eyepiece of an 
ordinary photometer it is possible to obtam photometric comparisons 
at different parts of the spectrum 

The spectral transmission curve of a medium may often be 
determmed convemently by using sources of light from which 
homogeneous radiations at different parts of the spectrum may 
be obtained by means of smtable coloured glasses The mercury, 
hydrogen, and hehum tubes are particularly convenient for this 
work (®^), or, where very mtense light is required, a suitable form of 
electno arc may be used (®®) 

Unsteady Sources. — In the spectrophotometry of unsteady 
sources, such as the arc, it is generally necessary to use an ordinary 
photometer as a control instrument, readings on the spectrophoto- 
meter being made only when an auxihary observer at the ordinary 
photometer signals that the arc is of normal intensity and suflEiciently 
steady for observation 

Measurement ol Reflection and Transmission Factors. — ^From the 
description, given m the last chapter, of the use of colour filters in 
heterochromatic photometry, it will be clear that a very important 
apphcation of spectrophotometry is to the measurement of the 
transmission factor of a coloured transparent medium throughout 
the visible spectrum. The modifications necessary in order to make 
this type of measurement with the apparatus which has been 
described above will generally be obvious, but a further treatment 
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of the subject will be found m Chapter XIII (pp. 387 et seq,). In 
the same chapter the methods used for measuring the reflection 
factors of surfaces for hght of any frequency are described 

The Plotting of Spectoophotometnc Data. — It is often convenient 
to plot spectral reflection or transmission curves m such a way that, 
m addition to giving the values of or throughout the spectrum, 

they also show graphically, by their areas, the values of ^K^pjiv 

or % e., the mtegral reflection or transmission factors 

for an equal energy spectrum This can be done by plotting the 
values of or on specially prepared co-ordinate paper on which 

the scale of abscissae is such that x^ = a[ Kjiv (®®) The principle 

•^0 

may clearly be extended so as to exhibit the values of p and r for 

light of any given spectral distribution by making a [KEjiv, 

Jo 

where is the energy 
per unit wave-number in- 
terval at wave-number v 
(see p. 36) for the light 
adopted An example of 
this method of plotting is 
given m Eig. 185 (a), where 
curve Q represents the 
spectral transmission of a 
certain blue-green medium 
The ordmate at any value 
of V gives the value of 

while the total area 
gives the value of r for 
light having an equal 
energy spectrum on the 
wave-number scale, %e , 
equal amounts of energy 
in equal wave-number in- 
t e r V a 1 s throughout the 
spectrum A similar chart 
for hght having an equal 
energy spectrum on the 
wave-length scale is shown 
m Fig 186 (&) Tables 
have been prepared to 
enable the mtegral trans- 
mission or reflection factor 
of a coloured medium to be calculated readily for hghts of certam 
defined spectral distributions of practical importance {®^). 
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CHAPTER X 

THE MEASUREMENT OF COLOUR 


In the last chapter a description was given of the instruments 
and methods used for comparmg two lights m any desired portion 
of the spectrum, and so obtaining the spectral distribution curve 
of one hght by comparison with another, standard, hght of known 
distribution 

This process does not demand of the eye anything more than a 
judgment of simple equahty of brightness, the comphcating factor 
of colour difEerence having been eliminated from the problem The 
residts of a speotrophotometric comparison of this kind, while they 
give complete data as to the relative energy distributions of the 
two mtegral lights compared, give no information regardmg the 
relative effects which these lights will produce on the eye, as regards 
either mtensity or colour, unless the relative lummosity values 
which the eye assigns to equal amounts of radiant energy in wav^ 
of different frequencies be accurately known ; for, as has been said 
already in Chapter HE. (p. 64), the eye responds very variously to 
lights of diflEerent colours, bemg most sensitive in the yeUow-green 
and least sensitive at the ends of the spectrum, with the result that 
equal amounts of radiant power concentrated, for example, in the 
yellow-green and in the blue-violet would not be equal from the 
point of view of luminosity It follows that an essential link in the 
chain connecting visual photometry with the physical measurement 
of energy is the determination of the “ sensitivity curve ” for the 
average eye, i.e , the curve giving the value m photometric units 
of a given amoimt of radiant energy in the form of hght waves of 
any frequency within the visible spectrum. This curve is frequently 
referred to as the visibility curve.” Better names are (i.) “ sensi- 
tivity curve,” when the response of the normal eye to radtiation of 
different frequencies is being considered, and (u ) luminosity 
curve,” when it is desired to consider the capability of radiant 
energy of different frequencies to produce the visual sensation 

The Sensitivity, or Luminosity (Visibility), Curve. — ^This curve (}) 
has been accurately determined by several workers, mostly m 
America, who have used different numbers of observers and worked 
with different apparatus and, usually, different photometnc 
conditions. Most work, to the present time, has been done with 
the flicker photometer. E. Thurmel (2), H Bender (®), H E Ives (^), 
P G. Nuttmg (®), W. W. Coblentz and W. B. Emerson (®), P. 
Reeves C^), and M. So (®) all used this method, the last five under 
the standard conditions suggested by Ives (see p 269). Both Ives 
and Coblentz used also the steady comparison method, measuring 
the light at each frequency by direct comparison with the integrd 
light from the source, but the large colour differences involved make 
their results unreliable, and until recently the best data obtained 
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by the steady comparison method were those of E. P Hyde, W. E 
Forsythe and F E. Cady (®), who used a step-by-step method m 
which large colour differences were avoided 

A recent careful redetermmation by both the steady com- 
parison and the flicker methods, using a field of 3° diameter, has 
shown that these two methods give practically identical results, and 
it is these results which have been provisionally adopted for general 
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Fic. 186 — ^The Senflitmty durve of the Normal Eye The Lummosity (Viaibiliiy) 
Ourve of Radiajit Energy. 

use and which are hsted m Appendix IV. These have been 
used for plotting Fig. 186 

Several attempts have been made to find an empirical expression 
which will represent the luminosity ourve to the accuracy of experi- 
ment (^^). Of these the latest forms are those of Kingsbury, as 
revised by Ives (^®), and Coblentz (^^), the former of which fits the 
curve obtained by Ives and Kingsbury using the flicker method, 
while the latter flts the curve obtained by the comparison of bright- 
ness (step-by-step) method. Both of these expressions have the 
same general form, v%z , 

there being three or four terms in the summation The values of 
the parameters given by these workers, and the best values required 
to fit the mean luminosity data shown in the table of Appendix IV , 
are as given on p. 296 

The symmetry of the sensitivity curve is greater lE allowance be 
made for the change in the transmission factor of the ocular media 
with alteration of frequency of the light, so that the curve exhibits 
the response of the re.t%na to radiation of different frequencies (^®). 
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The Mechanical Equivalent of Light. — ^It is clear that, since the 
energy distribution of the radiation given by a black body at any 
temperature is known, its relative canfie-powers at difEerent tempera- 
tures can be at once obtamed from the senativity curve of the eye (i®), 


for clearly the luminous flux F = AxKJE^v, where is the 

•^0 

value of the luminosity function and Ey is the rate of energy emission 
at wave-number v. Eurther, if the factor relatmg the luminous 
flux and the rate of energy emission be known for radiation of any 
one frequency, the absolute candle-power of the black body at any 
temperature may be deduced Alternatively, if the absolute candle- 
power of the black body at any temperature be known, the factor 
relating lummous flux with energy emission may be found for 
radiation of any frequency The frequency usually chosen is that 
of maximum lummosity, viz, v= 18,000 (A = 656 m^), and the 
factor expressed in lumens per watt is usually known by the some- 
what misleading name of the “ mechamcal equivalent of hght ” 
This term may, therefore, be deflned as “ the ratio of radiant flux 
(expressed in watts) to luminous flux (expressed m lumens) for the 
frequency of maximum lummosity ” (i’), and is the factor A in the 
equation given above It will be seen that this equation applies 
not only to the black body, but to any source of hght of knoivn 
spectral distribution. The value of the mechamcal eqmvalent of 
hght may therefore be found by measuring the values of F and 
r *'2 

convement source, the hmits of integration 


and vj being such that the whole of the visible spectrum is 

A^ematively the ratio of the luminous flux to the radiant flux 
may be measmed for monochromatic radiation of any convenient 
frequency, and this ratio may then be divided by the value of K 
for that frequency (i«). This method may be extended by using 
a special chemcal solution for which the transmission factor through- 
out the visible spectram is proportional to the sensitivity of the 
normal eye (®®). Such a solution is composed of 


Cupric chloride (CuClg) 

Cobalt ammomum sulphate (Co(]SrH.)»(SO ) ) 
Potassium chromate (KoCrO.) ^ 

Water . ' 2 4 ; 
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and may be used in a cell of the form described on p. 246, the thick- 
ness of the solution bemg 1 cm. The radiation in the mfra-red may 
be absorbed by a cell of clear water of sufficient thickness, say, 4 cm 
(seep. 322, m/m). The energy transmitted by this solution being 
automatically weighted in accordance with the sensitivity curve of 
the eye, the ratio of the luminous flux given by any source to the 
energy radiated by that source through the solution is the value of 
the mechamcal ecjuivalent of hght multiphed by the transmission 
factor of the solution at the frequency of maximum sensitivity. 

The mean value of the mechamcal equivalent of hght as deter- 
mined recently by various methods may be taken as 0 0016 watts 
per lumen 

Using Wien’s form of the expression for the energy distribution of 
a black body (see p 136), and any one of the expressions given above 
for representing algebraically the sensitivity curve of the eye, it is 
possible to find an expression for the candle-power of a black body 
at any temperature (^2), for 

= S C'iu4JJ"e” I v(" + e- dv 

= S CiAB^e^iRn + G^T) -(« + *> r(n + 4). 

This may be written 

Sa(l+j8/r)-(« + *) 

where a = + 4) 

= O^A(filG^)WWi, . (n + 4)(n + 3)(n + 2)* 
and J3 = GJnR. 

In this expression T is the absolute temperature of the body, and Oj 
and Gg the values of the constants, in Wien’s equation (see p. 136). 
From the above expression the luminous efficiency (ratio of total 
hght to total radiated energy) may be found, and the temperature 
of maximum luminous efficiency deduced. 

It is satisfactory that Hyde, Forsythe and Cady (^®) have found 
an agreement to 1 per cent, between the observed bnghtness of a 
black body over a temperature range from 1,700° to 2,600° K,, using 
a direct comparison of the mte^al lights, and the computed values, 
using Planck’s formula and the luminosity curve obtained by them 
The calculated values of the bnghtness of a black body at tempera- 
tures between 1,800° and 9,600° K. are shown plotted m Fig. 187 

The use of the lummosity curve in physical photometry will be 
discussed in the next chapter. A different apphcation of this curve 
and allied data, viz , the specification of colour in terms of physical 
measurements, will be bnefly descnbed in what follows. 

Colorimetry. — Colour is the psychological sensation resulting from 
the physiological action produced on the retma by that physical 
property of the hght waves which is called ‘‘ frequency.” Colorimetry 
IS concerned with the specification of hght in such a manner that its 
colour may be reproduced uniquely from physical data, although, as 


By Stirling’s theorem, to an accuracy of 0 1 per cent, ainoe % > 100, 
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will be seen later, two lights which are quite different m spectral 
composition may be identical in colour 

It has been found experimentally that every light, whether 
composite or^ homogeneous, may be exactly “ matched,” i e , the 
colour sensation to which it gives rise may be precisely simulated, 
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187 — The Brightness of a Cavity Badiator 

in two ^fferent ways, which give rise respectively to the “ tri- 
chromatic ” and the monochromatic ” systems of colour specifica- 
tion (26). 

The Tnchiomatic System. — ^It was shown by Maxwell (2®) that if 
lights of three different colours be chosen from the three prmcipal 
reports of the spectrum, viz,, the red, green and blue- violet, then aU 
other lights can be matched by mi's'ing suitable (including negative) 
amounts of these three primaries. The primaries selected may be 
either homogeneous or composite, and may be produced spectro- 
scopically or by means of colour filters. If i?, G and B represent umt 
amounts of each of these three primaries then the colour of any given 
hght may be represented by an expression of the form rR gO 
where r, g and i are coefficients which may be either positive or 
negative The values of the units R, Q and B are generally so chosen 
that for white light r = g = h (2*^), z.e,, any mixture of an equal 
number of umts of each of the three primaries gives sensation 
white. 

It is clear that on this system the values of r, g and h must depend 
on the exact colour of the lights chosen for the three primaries, but 
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conversion from one set of primanes to another is easy it the primaries 
of one set be known in terms of primaries of the other set, for it 

JR = -j- ^yJR* . _ ^ 

Q- = ”1“ -f- ^2-®^ 

J5 = "4“ ^3^^ ^3-B^ 


then a colour (rJ? + gO + 6jB) on the one system becomes S {rh + 
gh + 6Zs)i2' on the other system (2®) so long as JZ + <? + ^ = + 

0^ + B\ i e., equal numbers of the units on both systems make the 
same amount of white. 

So far nothing has been postulated as to the mechamsm of vision, 
but if the trichromatic theory be taken as a workmg hypothesis 
(see p. 71) it becomes evident that it should be possible to choose 
the primaries (which need not, in fact, be hghts actually producible) 
m such a way that r, g and h may always be positive For if the 
primaries be the pure sensations postulated on the trichromatic 
theory of vision, it is clear that any real light can only stimulate these 
sensations positively. 

By a consideration of the observed phenomena of colour mixture 
and other experimental data which cannot be considered here (2®) 
it is possible to analyse the sensitivity curve shown m Pig, 186 into 
three component curves such that the ordmate of each at any 
frequency gives the contnbution of the corresponding colour sensa- 
tion to the total luminosity of energy at that frequency (®®). These 
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curves are shown m Pig. 188 for an equal energy spectrum, i e , for 
a total luminosity curve identical with that of Pig. 186.* 

♦ It should be noted that the term “ equal energy spectrum *’ on the wave-number 
basis signifies that the energy radiated within a given wave-number interval is the same 
throughout the spectrum : on the wave-length basis it impbes that the energy withm a 
given wave-length interval is constant. The actual energy distribution in the spectrum is 
therelore not ‘^e same in the two oases In Eigs 186 and 188 if the wave-number scale 
be used the equal ener^ spectrum assumed is that of equal energy per umt wave-number, 
while if '^e wave-length B(^e be used, the spectral distribution is assumed to be such that 
there is equal energy m equal wave-length mterval 

It follows that the sensation curves for light of a given spectral distnbution must 
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Similar curves may be drawn for light of any other spectral 
distnbution by multiplying each ordmate of the sensation curves 

10 — 
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Pig 189 —The Sensataon Curves for Light from a Blaok Body at 6000® K 
(a) Wave-number Basis, (b) Wave-length Basis 

by the correspondmg ordinate of the spectral distnbution curve of 
the hght considered This has been done for black-body radiation 

necessarily be different according as they are calculated on the wave-number or the wave- 
l^gth basis Both sets of curves are given in Pig, 189, and it will be seen that although 
the forms of the curves are different in the two oases, the relative areas remain the same 
as, indeed, is evidently necessary a pnori. The same considerations apply to the miirture 
curves (Pig 100) 
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at 6,000° K. in Fig. 189, where curves iJ, 0 and B show the respective 
contributions of the three primary sensations at each frequency 
The areas of the three sensation curves of Fig. 189 are m the ratios 
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Basis. 


R , 0 : B = 0 668 0-426 0-006 Now if it be agreed to take for 
the unit of stimulation of each sensation a magnitude such that an 
equal number of units of each of the three sensations will, when 
combined, give the sensation white (6,000° K ), it follows that the 
luminosities of these units will be in the ratios 0 0103 0 0137 0-976. 
The ourves of Fig 190 have been drawn with the ordinates multiplied 
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respectively by these mimbers, so that the areas are equal. The 
ordjnates of these curves at any given frequency show the relative 
stimulationB of the three sensations for hght of that frequency. 
These curves, termed the ‘‘ mixture curves,” may be used for 
obtaining the relative values of r, g and h for light of any known 
spectral distribution. The ordinates of each of the mixture curves 
are first multiplied by the corresponding ordinates of the spectral 
distribution curve, and the areas of the resulting three curves give 
the values required for r, g and 6 on the trichromatic system with 
the fundamental colour sensations as primaries and white as 6,000° K. 

The colour of a light may be expressed graphically on the 
trichromatic basis by means of the Maxwell colour triangle shown 
in Fig. 191 Every point P within the equilateral triangle 

ROB represents hght whose colour is given by the expression 
tR + gO 6JS, where r, g and 6 are the ler^hs of the perpendiculars 
from P to the sides of the triangle. It will be noticed that r + ^ + 6 
is the same for every pomt in the triangle, and that, therefore, every 
point represents a light of equal total stimulation. Further, the 
centre of the triangle W represents white, since for this pomt 
r = g = h The curved Line from P to P represents the hght of a 
spectrum of constant stimulation, for it wiU be found that the 
trihnear co-ordinates of any pomt on this line are proportional to the 
ordinates at the corresponding point of the three curves of Fig. 188. 

The colour of the hght obtamed by mixing two given hghts in a 
defimte proportion may readily be found from the colour triangle 
by joimng the pomts representing the colours of the two components 
and dividing the line of junction m the ratio of the mixture. Thus 
the point P (Fig. 191) represents the colour of the hght obtained 
by mixing m the ratio of 2 to 1 the spectrum hghts havmg frequencies 
20,000 and 17,000 respectively (®^) The hne PW cuts the spectrum 
hne in the point 18,860. It follows that the compound hght P may 
be matched by mixing white hght with spectrum hght of frequency 
18,860 in the ratio 1 to 147 (^s). Wherever the Ime passing through 
W cuts the spectrum hne in two points, those points represent hghts 
of complementary colours, for if mixed in the right proportion these 
hghts will give sensation white (®^). It wih be noticed that hghts m 
the region 20,300 to 17,500 have no complementanes in the spectrum. 
The complementaries of these, the yeUow-greens, are mixtures of 
red and blue in various proportions, ^ e , purples and magentas, 
represented by pomts such as M These conclusions wih be referred 
to again when the monochromatic system of colour specification is 
considered. 

In the case of a composite hght, i c., one composed of a number 
of different homogeneous radiations, it is quite simple, from a 
knowledge of the spectral distribution, to express the colour m terms 
of the three sensation primaries. 

The method may be described most clearly by reference to 
Fig 192, where curve E represents the energy distribution of the 
given hght (that from a black body at 2,220° K ) Curve R is 
obtained by multiplying each ordinate of curve E hj a, factor 
proportional to the corresponding ordinate of curve R m Fi^ 190 a 
(p. 301). Curves 0 and B are obtained similarly. The coefficients 
r, g Sind h of the given lights are then proportional to the respective 
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areas of these three curves, %.e , to the relative stimulations of the 
three primary sensations. 

The Tnc^omatic Colorimeter. — Several instruments have been 
devised for finding more directly the values, absolute or relative, 
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of the three coefficients in the expression for the colour of any given 
hght by enabling a match to be made between the light m question 
and a rnixture, m measurable proportions, of three arbitrary red, 
green and blue lights, which may be termed the instrument primaries. 

The Ives colorimeter (®^) is shown in plan in Eig 193. The light 
to be examined is admitted at i, and forms one-half of the field F 
- which is viewed by the eyepiece E. The hght from the comparison 
source is admitted at K and passes through three adjustable slits, 
which are respectively covered with red, green and blue media. The 
light passing through these slits is mixed by persistence of vision, 
a number of lenses arranged in a circle A bemg rotated by means 
of a small motor so that the other half of the field at F is occupied 
fight from the three slits in rapid succession. The substitution 
method is employed m making measurements “ White ” light is 
first matched, and the scales on the shts are each adjusted to read 
100. The light to be measured is then substituted for the white 
fight and the shts are altered until a match is obtained The scale 
readings at the shts then give the colour of the measured hght in 
terms of the instrument primaries, % e , the coefficients in the 
trichromatic expression for the colour of the light in question. 

Other instruments, similar in principle, have been devised (®®). 
That used at the National Physical Laboratory is shown m 
Pig. 194 (®^) A 600 c p. ” pomtohte ’’ lamp is placed at the focus 
of a large condensing lens A, which throws a beam of light normctUy 
on one end of the colour-mixmg apparatus. This end is shown 
on the right of the plan. In it are cut three sectorial openings 
{shown shaded), each of about 60° extent, which are backed by sheets 
of ground glass and coloured gelatme filters. These latter are respec- 
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tively red, green and blue, the particular filters chosen being selected 
from a complete set of the available gelatme filters. Inside the box a 
prism CD of shape shown is mounted ^ 

m such a way that it is capable of ~ i — 


rapid rotation about an axis DJE, 


Durmg rotation the end C passes 
each of the sectorial openings in 
turn When G is opposite an open- 
ing, light enters the prism and, after 
two internal reflections at the 



I 


I 

I 


inclined faces of the prism, emerges 
along DE, A lens E is placed so 
that the effective stop (a circular 
hole m the mount of the pnsm 
CD) is at its focus. J?’ is a Lummer- 
Brodhun photometric prism mvmg 
a tnple rectangular field is a 
lens with its focus at H An 
observer with his ©ye at H sees the 
reflecting section of the photometer 
field illuminated by hght Jrom the 
particular sector which the end 
of the rotatmg prism is opposite. 
Thus the colours red, green and 
blue alternate in the field as the 
prism rotates. If the speed is 
sufficiently rapid the sensations 
mingle and a mixed colour is 
observed Each sector opening is 
fitted with a sectorial shutter, not 
shown in the diagram, by which the 
relative durations of the red, green 
and blue stimuli may be vaned, 
thus varying the proportions of 
these colours m the mixture. The 
colour to be matched is situated 
outside the aperture I, Light from 
this aperture fills the transmittmg 
portion of the photometer field. 
J is a plane glass plate , its purpose, 
m conjunction with the lens K 
and pnsms L and Af , is to make it 
possible to add a little white hght 
to the coloured hght to be matched 
This is sometimes necessary when 
matching very saturated colours 
m certam regions of the spectrum. 
The amount of this white light is 
regulated by a lamp-black gelatme 
annulus N, of varying density 
With this addition it becomes possi- 
ble to specify any colour whatever in 
terms of the mstrument primanes. 
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Fig 193 — The Ives Colomneter 
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As pointed out above, the values of the colour coetficients obtained 
with an instrument of this type necessarily depend on the exact 
colours of the hghts used to form the mixture This, however, is of 
httle importance, since it is in any case impossible to obtain 
a pure green, and a reduction is therefore always required if the 
results are to be expressed in terms of the sensations as primaries. 
The easiest method of performing this reduction is to mark on the 

fundamental colour sensation tri- 



angle the three points which repre- 
sent the primaries used in the 
colonmeter (see Eig. 195) and then 
to obtain the position of the liglit 
under examination by a simple 
graphical construction. If p, y, and 
jS be the measured coefficients, tlie 
side R'Q' of the instrument triangle 
IS divided at L in the ratio y . p. 
LB' is then divided in the ratio 



P (/> + y)j and the point of division 
^ P IS the point representing the 
I measured hght, so that the required 
I reduced colour coefficients can be at 

0 once obtamed It is to be noticed 
^ o that if the mstrument primaries bo 

■| so chosen that P' + (?'-)- P' ropre- 

1 sents white, the centroid of tlie 
I mstrument tnangle coincides with 
^ W, the centre of the fundamental 

tnangle. 

^ The Monochromatic System, — As 

^ has been said already, every colour, 
I except certain mixtures of blue and 
I red, can be matched by a coiTectly 
® proportioned mixture of white light 
^ with hght of a suitably chosen spec- 
iS trum colour (®®). For it is clear 
that any point on the Maxwell tri- 
angle, unless it be situated in the 


^ region approximately represented 
1 ^ by BWB, hes on a hne joimng the 

\ pomt W to some point on the 

spectral line Hence the colour of 
\ ^ Hght may be defined by (a) the 

\ j ^ frequency and (6) the percentage 

0 ^ g amount of the homogeneous spec- 
s' I trum hght which, if mixed with 

— ^ ^ white, will match it in colour (®®) 

v 4.1. • X n- -n. , instance, the colour represented 

by the point Pm Fig. 191 may also be descnbed by the statement that 
Its nue IS that of spectrum hght of frequency 18,860, and that it is 
mixed with white in the proportion of PW . HP. This proportion ex- 
pressed as^a percentage of the spectrum hght, is termed the “ satura- 
tion or punty of the mixed hght (^o). Similarly, a purple hght 
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ment Primaries to Pundamental Pnmanes 
on the Tnohromatio System 


represented by a point such as may be expressed on the mono- 
chromatic system by the hue of its complementary, H\ and the 
amount of this complementary 
which has to be subtracted o 

from white m order to produce 
a match. 

The Monochromatic Colori- 
meter. — ^The instrument shown 
m Fig. 196 has been de'bigned 
for the specification of colour on 
the monochromatic basis (^). 

The spectral component is sup- 
plied by the source N and the 
constant deviation spectroscope 
system SPE. The white com- 
ponent IS supplied from an iUu- 
m mated white surface B by 
reflection at the sectored mirror 
Jkf, which IS rotated by an 
electric motor The propor- 
tions of the mixture might be changed by havmg adjustable 
openings in M, but in practice it is more convement to keep 
these openings constant and to vary the mtensities mdependently 
by means of the Niool pnsm pairs shown at N 2 The hght 
used to filuminate B must be that adopted as white if the instru- 
ment IS to read directly. The light to be measured is reflected 
from a second white surface and the colour of this hght is com- 
pared by means of the Lummer-Brodhun cube L with the colour of 
the mixture reflected and transmitted by M, When a purple hght 
has to be analysed by this instrument, it is placed so as to illuminate 
B, while i?' is then iQuminated by white hght The results of spectro- 
photometric analysis may be expressed on the monochromatic 
system either by the intermediary of the Maxwell triangle or directly 
by calculation 

Conversion lErom One System to Another. — It whl be noticed that 
the instrument ]ust described measures the relative amounts of the 
spectral and white components of the hght in terms of luminosity. 
This makes conversion to the trichromatic system difficult, because 
the magmtudes of the units employed for the sensations on that 
system are such that an equal number of units of each primary will, 
when combined, give the sensation of white, and the umts so arrived 
at have very different luminosity values. In fact, their luminosities 
are in proportion to the areas of the three curves of Fig. 189, 
ijR Lq Lb say It follows that if a light of dominant hue H 
and saturation p excite the three fundamental colour sensa- 
tions m the ratio p y : jS, and if the spectrum hght H excite the 
sensations m the ratio r g 6, then the equation for the red 
sensation is 

100pjLi?/S/9Jj'jrj == ptLrI^^tLr -f- (100 — p)Lr * 

* For hght excitmg the sensations m the ratio p y • p has a Innunosity k{pLr + 
jLq + pLjs), where /cis a constant whioh, for unit luminosity, has the value (^pLr)-^ 
Hence, light of this colour having unit luminosity excites pLrJ^pLr units of red 
sensation S imilar ly for the light r’gib, and for white (where r =sg T=b and there- 
fore =1). 
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Whence it follows that 

lOOpl'ZpLR = prll/rLn + (100 - (i) 

or 

p.y.^= {jpra + 100 — p) : (pga + 100 - p) : (pba + 100 — p) 
where <j = (tLr + gLa + bLB]-\ 

The reduction of a colour analysis expressed on the trichromatic 


I 

I 

I 



y 


•< 

system to its equivalent on the monochromatic system is most easily 
performed by means of the Maxwell triangle («) The line from W 
which passes though the point P representmg the light under 
consideration, gives at once, by its mterseotion with the spectrum 
Ime, the dominant hue Thus r, gr and 6 are known, Smce p, y and 
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P are also known, any one of the sensation equations, such as (i.) 
above, will give p. 

When the hght considered is purple, the equation corresponding 
to (i.) is 

100 — pr'IJ^r'Ln = (100 — p)plT,pLR . . (ii.) 

where r' is now the red excitation of the spectrum light comple- 
mentary to the purple considered The values of a for lights at 
intervals along the spectrum are given in the following table : — 

Table of Values of {tLr + gLg + at different Parts of the 




Spectrum 


V 


A 


X 10 -« 

<r 

(m/t) 

<r 

14 

1-82 

400 

27 

16 

1 82 

420 

36 

16 

1-87 

440 

78 

17 

1 98 

460 

42-6 

18 

2-08 

480 

9 63 

19 

2-18 

•600 

2 82 

20 

2-82 

620 

2 24 

21 

16-6 

640 

212 

22 

52-6 

660 

2 07 

23 

68 

680 

2-01 

24 

34 

600 

1-93 

26 

27 

620 

1-88 

— 

— 

640 

1 86 

— 

— 

660 

1-83 

— 

— 

700 

1 82 


Tables and diagrams enabhng the excitation values to be found 
directly for any light expressed on the monochromatic scale have 
also been calculated (“). 

In aU that has been said above it has been assumed that the 
spectral composition of a hght uniquely determines its colour, so 
that the relative excitation values of a hght, as well as its dominant 
hue and saturation, remain invariable at aU intensities. That this 
cannot be strictly true must follow from the alteration m the shape 
of the luminosity curve which takes place at low intensities (see 
p. 66) Further, it has been found that increasmg the mtensity of 
a hght tends to decrease its saturation (^). It is impossible here to 
discuss these problems, which necessarily comphcate colorimetric 
measurement unless they can be avoided by choosmg conditions for 
the measurements at which these effects are absent or umm- 
portant (^®). For a fuller consideration of the whole subject one 
or more of the books referred to m the bibliography at the end of 
this chapter should be consulted. 

Colour Charts. — Other methods of colour specification have been 
used for various purposes. The colour temperature scale has already 
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been described (seep. 270), and the leucoscope (see p, 244)-oan clearly 
be adapted to give a colonmetrio scale (^®). 

Comparison with a set of coloured media, or pigmented papers, 
of defimte, and as far as possible reproducible, tmts, arranged so 
as to form a rough step-by-step scale, is sometimes useful 
The number of standards required to cover the whole range of 
luminosity, hue and saturation is, however, very great (over 3,000), 
and the most useful field for this system would appear to be one m 
which the range to be covered is severely restncted by the nature 
of the problem, as, for example, in the gradmg of a particular class 
of oil. 

Conclusions. — ^It should be remarked that, of the three methods 
of measuring the colour of a hght, both the monochromatic and the 
trichromatic colorimeter depend on the conformity of the observer’s 
sight to the average known as normal colour vision,” since the 
colour match obtained is a sensation equivalence and not a true 
physical identity. The only measurement givmg full information 
as regards the colour of a light, and more especially its behaviour 
when transmitted or reflected by colour media, is the determination 
of the spectral distribution curve (^®) 

The labour involved in the full determmation can, in many cases, 
be avoided by making a comparatively small number of observations, 
each covering a patch of the spectrum which is just narrow enough 
to avoid the detection of any significant colour difference by the eye 
of the observer (*®) 

By choosing these patches so that the breadth of each is inversely 
proportional to the chromatic sensitivity (or hue discnmmation) of 
the eye at the part of the spectrum concerned (see p 66 and 
Eig 37), it IS possible to divide the whole visible spectrum into about 
eighteen adjacent parts, and therefore to obtam a very complete 
specification of the colour of any particular hght by means of eighteen 
measurements on the spectrophotometer, the patch of spectrum 
included at each measurement having the hmits given in the following 
table * — 


Patch Number — 




10 


Frequency. 14 9^164 169 164 166 168 17 1 173 177 18 2 

(X 10-«) 


Wave-Length. 670 649 628 611 601 604 686 677 664 660 

(m^) 


Patch Number — 


Frequency. 
(X 10-®) 

Wave-Length 

(m^) 




14 


16 



18 


18 8 

19 3 

19 7 

200 

20 4 

i 

20 9 

216 

22 3 

23 3 

631 

617 

607 

499 

I— 1 

479 

466 

449 

1 

430 
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CHAPTEE XI 

PHYSICAL PHOTOMETRY 

The Psychological Aspect o! Visual Photometry. — ^In all the 
practical methods of photometry so far descnbed the eye judges 
the equahty or mequality of brightness of two surfaces which are 
presented to it in such a manner that they form adjacent images on 
the retina It has been pointed out already (p. 146) that vision 
involves a chain of physical, physiological and psychological pro- 
cesses, and it is important that in any study of the subject too much 
attention should not be devoted to the physical process without 
corresponding regard to the physiological and psyoWogical phases 
which so strongly influence the final visual perception resultmg from 
any given physical stimulus produced by irradiation, ^ e , the 
incidence of raiant energy, at the surface of the retina 

The threshold between the physical and physiological regions is 
fairly clearly marked out, but at present it is almost impossible to 
separate the physiological and psychological regions, so that the 
phenomena described m Chapter III. can only be regarded as the 
effects of a combined action involving three processes, of which only 
one, the physical stimulus, is accurately known and under control. 
It follows that the results must be liable to considerable variation 
according to (a) the particular individual making the observations, 
(6) factors quite unconnected with the physical stimulus, which may 
affect either the physiological or (c) the psychological characteristics 
of that mdividual at the time of observation For example, it is 
wen known that (a) different individuals behave differently as regards 
their relative evaluation of different coloured hghts. Further, 
(6) and (c), the same individual may vary markedly from day to day 
in his relative evaluation, either from defimtely physiological causes 
(e.gr., excessive tobacco smoking), from purely psychological causes 
(such as unconscious change of mental cntenon of equahty), or from 
a physiologico-psychological action, such as bodily or ocular fatigue 
Similar effects undoubtedly take place to a greater or less extent 
in the more ordinary processes of photometry Thus in homo- 
chromatic photometry it is the perception of bnghtness contrast 
that is important. The experience of aU those who have done much 
observational work in photometry is that this perception is impaired 
by anythmg which tends to dimmish the power of concentrating the 
attention Thus unfamiliarity with the instrument used, or discom- 
fort while observmg due to a cramped attitude or to excessive heat 
or cold, and other circumstances of a similar nature, tend to d iminis h 
the accuracy of photometric observations 

It has been pointed out already (see p 57) that the glare which 
results from looking at an object brighter than the photometnc field, 
even for a short penod, will vitiate readings for a length of time 
dependent on the brightness of the object and the time during which 

816 
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it has been looked at (^). Similarly it was stated in Chapter VI. 
(p. 148) that every photometer shotild be so designed that the point 
of photometric balance can be passed through from one side to the 
other as rapidly as possible and with the smallest amount of manual 
effort (^). This is of great importance if the best results are to be 
obtained The unconscious mental bias which may result if an 
observer becomes aware of any progressive tendency in his readings 
is avoided m most laboratories by arranging that the observers shall 
work in pairs, each one noting down the readings obtained by the 
other. In accurate work not more than about a dozen settings should 
be made by a single observer without at least a bnef period of rest. 
A very definite ‘‘ settlmg-m ” effect is often noticeable in photometry. 
At the beginuina of a day’s work the first few readings made by an 
observer may differ noticeably and in a definite direction from his 
subsequent observations, owing, apparently, to a preliminary 
uncertainty of cntenon which is not resolved until after the first 
half-dozen or more observations have been made. This effect is 
naturally more pronounced when the colour difference worked with 
is considerable. Some observers, however, find that with an equahty 
of brightness photometer a small colour difference is more trouble- 
some than one which is large enough to be immediately apparent 
The same is sometimes said when working with the contrast type of 
head, but in that case the diJOficulty is generally found to arise from 
the fact that the observer has, consciously or unconsciously, used 
as his criterion of balance the disappearance of the central dividing 
hne instead of the equality of contrast between patch and back- 
groimd in the two halves of the field , in fact, the head has been used 
as an equality of brightness instead of as a contrast head. 

Physical Photometers. — It is due m large measure to the uncertain 
factors involved in visual photometry, such as those which have 
been mentioned above, that workers in this branch of radiometry 
have for many years sought for some physical instrument which 
may be used instead of the eye for the measurement of hght, and 
which is not subject to the limitations inseparable from the employ- 
ment of any physidlomcal organ of special sense. In every case the 
instrument used for the comparison gives, in some form or another, 
a measure of the energy received by a certain surface exposed to the 
light to be measured (®). Physical photometers, therefore, depend 
on the comparison or measurement of illumination, regarded as a rate 
of energy reception. 

The Classification of Physical Photometers. — It was pointed out 
at the beginning of the chapter on Visual Photometry (Chapter VI ) 
that the eye is quite unreliable as an instrument for measuring 
brightness, although it can compare the brightnesses of two adjacent 
surfaces with considerable precision. It is the ultimate aim of 
research in methods of physical photometry to produce an instrument 
which, while giving exactly the same result as visual methods for the 
relative values of different illuminations, will at the same time serve 
as a means for the direct measurement of any illumination without 
simultaneous comparison with a standard illummation This aim 
is still far from reahsation with certainty and to the necessary degree 
of sensitivity except by means of dehcate laboratory apparatus of 
high precision, used with great care and with a number of important 
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precautions. On the other hand, a sensitive comparison of lUmnina- 
tions produced by hght of the same spectral distribution can be 
achieved conveniently by means of fairly simple apparatus, and the 
various methods that have been used with promising results will 
be described here. 

Physical photometers may be divided mto two classes in either of 
two ways (i.) according as they are suitable for measur%ng, or only 
for comparing illummation ; (ii,) according as they are suitable for 
heAerochroinat%c or only for strictly homochromatic photometry. In 
practice these two methods lead to an identical classification of the 
existing instruments 

Absolute Physical Photometers. — ^In the case of an mstrument 
which is to be used for measuring illumination the following require- 
ments should be fulfilled, the first two absolutely, and the others as 
far as possible . — 

(а) The indication must be proportional to the illumination, or 
bear some definite relation to it which can be determined by cahbra- 
tion. 

(б) The calibration curve must remain constant during a reason- 
able period of time, particularly if the law connectmg mdication with 
illu mm ation be not a simple one. 

(c) The sensitivity should be at least as great as that attainable 
by visual methods. 

(d) The instrument should be capable of use under ordinary 
laboratory conditions, and without the need for special precautions 
involving complicated apparatus or highly skilled operation 

(e) The instrument should be one capable of giving a contmuous 
record if required. 

As regards (d) it has to be remembered that most instruments 
first devised m the laboratory are made fit for general use oifiy after 
a more or less gradual development along the lines of simplification 
and robustness of construction, while it is the possibUity expressed 
m (e) that makes the subject of physical photometry so attractive 
m connection with many problems met with m the measurement of 
modem light sources 

In addition to the above five requirements, an instrument whicn 
is to be used in the measurement of any but strictly homochrom^ic 
sources, i.e., sources giving light of exactly the same spectral distribu- 
tion as that with which it is calibrated, must, as a first essential, 
respond to light of different frequencies m exactly the same way as 
the eye (^) , in other words, the curve connectmg indication and 
frequency must be identical with the sensitivity curve of the normal 
eye, as shown in Fig 186 (p 296). A first necessity, therefore, m 
physical photometry is the accurate determmation of the sensitivity 
curve for as many observers as possible, working under normal 
conditions a;S to bnghtness, field srze, etc. (^). This determination 
has been carried out with considerable care, and the results amved 
at are given in Appendix IV (p. 471). 

Detectors for Heterochromatic Comparison,— The sensitivity curve 
of the eye having been determmed, it remams to find some detector 
whose response to radiant energy of different frequencies will f oUow 
either the same curve or some other well-defined cu^e wmcn is 
capable of reduction to conformity with the sensitivity curve by 
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some selective transmitting medium, such as a coloured solution. 
As might be expected, the latter of these alternatives is the only one 
practically worth consideration. 

This re(3[uirement at once rules out the most sensitive detectors, 
viz,i selemum and similar hght-sensitive materials, the photo- 
electric cell, and the photographic plate, for these detectors not 
only show a response to light which is very different from that of 
the eye, but they are also hable to alter their “ sensitivity curve ” 
either with the mtensity of illumination or with small variations m 
construction which at present are quite uncontrollable They will 
be considered later in the class of instruments best smted to the 
comparison of homoohromatic sources 

There remam, then, the detectors of radiant energy which 
depend simply on the measurement of the total amount of energy 
reaching them, and which are therefore qmte non-selective, so that 
when used with a medium having its spectral transmission curve 
identical in form with the sensitivity curve they give at once an exact 
reproduction of the normal eye. While theoretically perfect, the 
chief practical difficulty attending the use of this method is the 

exceedingly small portion 
of the total energy given by 
most hght sources which 
lies within the hunts of the 
visible spectrum As stated 
above, the mechanical 
equivalent of hght is 
approximately 0*0016 watt 
per lumen, so that a lamp 
operating at an efficiency of 

1 candle per watt has a 
luminous efficiency of only 

2 per cent Much of the 
remaining 98 per cent is radiated m frequencies lying outside the 
visible spectrum, mainly in the infra-red, and this mtroduces the 
further difficulty that the detector 
has to be very carefully shielded 
from invisible radiation, to which it 
naturally responds as readily as to 
that within the visible spectrum. 

The detectors most suitable for 
the measurement of the very low 
intensities of radiation met with 
in ordinary photometry are all 
electrical (®) The bolometer de- 
pends on the fact that when radia- 
tion is absorbed by a long and very 
thin strip of blackened platinum 
(see Eig. 197) its electrical resist- 
ance IS altered owung to the rase in 
temperature which takes place [^) 

If, therefore, four bolometers be 
arranged m a Wheatstone bridge, as shown in Fig. 198, a very 
sensitive means for measuring the difference in the radiation 
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Fig 198 — ^The Measurement of Radia- 
tion by the Bolometer 
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Fig 197 — ^The Bolometer 
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reaching the two sides of the apparatus is obtained For use in 
spectral distribution measurements a single narrow stnp is employed. 

The thermopile and the radiometer both depend on the fact that 
when a circuit is composed of two dissimilar metals a difEerence of 
temperature between the two junctions of these metals in the circuit 
results m a flow of electricity round the circuit. For example, if 
junction A (Fig 199) be at the temperature while junction B is 
at temperature igj electromotive force of 
a (^1 — ■volts IS generated m the circmt, 
so that if a galvanometer be included, and \ / 

the total resistance of the circuit (mclud- l / I / 

mg the galvanometer) be JR ohms, a current i \ / r \ I ^ 

of a(ii — ^2)/-® amperes will flow round the ZSggIf 
circuit For the metals tin and bismuth a, 

thethermo-electncpower, is about? X 10“®, * * ^ 2 . 

so that if — ^2 = J? == 10 B 

ohms, the current will be 0 07 miUiamp^re, 

which IS easily measurable with a sensitive Thermo- 

miUiammeter In Boys’ radiomicrometer, eec 0 cm 

shown m Fig 200 (®), the thermo-junction T is connected to the 
small loop of wire which forms the circuit and is suspended by 
means of a fine quartz fibre between the poles of a magnet N, /S, so 
that when radiation is absorbed by T the difference in temperature 

produced causes a current 
m the loop, and therefore 
^ I a deflection due to the 

I I magnet This deflection 

H'j 1 18 measured by means of 

jnj m m ] the small mirror m, which 

I I reflects a beam of light 

\ \ asinthecaseofan 

\ \ ordinary galvanometer. 

\ \ Deflections of the order 

^ Tum. per metre for 

1 sq. mm. of surface ex- 
posed to 1 metre^candle 
may be obtained. In 
the radiomicrometer only 
f junction IS used, but 

the thermo-electric volt- 
^ . jenu , age may be mcreased by 

junctions ux senes. A 

Fia 200 -Boys' Radiomiorometer 

for spectral distnbution 
measurements is shown m Fig 201. It is of linear form and 




Fia 200 — Boys* Radiomiorometer 


measurements is shown m Fig 201. It is of linear form and 
contains ten metal squares, often of tin, to each of which is 
soldered a pair of thermo-junctions, which may be of bismuth- 
silver The breadth of the exposed surface is reduced as much 
as possible in order that it may occupy only a narrow stnp of 
the spectrum when used in the eyepiece of a spectrometer. It is 
generally enclosed in a ceU of the form shown on the nght of the 
figure. The front surface of the thermopile is covered with a matt 
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black coating of soot or platinum black to obtam as complete ai 
absorption as possible of the incident radiation, and the heat capaoit. 



Via 201. — ^The Linear Thermopile for the Study of Spectral ’Energy Distribution. 

is a 1101111 TYiura, so that a given amount of energy produces th< 
greatest possible rise of temperature (®). 

The Thermopile and Visibility Solution (i®). — ^While all the abov< 
instruments may be used for measuring the energy distnbution o 
the radiation given by a source, they are not immediately suitabh 
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Fia 202. — The Thermopile and Visibility Solution for Physical Photometry 

for use as physical ]^otoineters to give an absolute measurement oJ 
candle-power (^^). For such a purpose a practical arrangement 
which has been used by Ives and Kingsbury is that shown ir 
Fig. 202j where the Taxation from the source S passes through e 
medium L, such as the chemical solution described on p 296 above 
which weights each frequency to the same extent as the normal eye 
so that the energy reaoWng the thermopile T is directly proportional 
to the visual efiEeot, to the luminous intensity of the source. 
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The chief difficulties attending this method of physical photo- 
metry are common to all measurements neoessitatmg the evaluation 
of very small electric currents, viz , the susceptibility of the very 
sensitive galvanometer to mechanical disturbance, drift of zero, and 
lack of exact proportionahty between current and deflection There 
IS also the effect of variation m room temperature, which causes 
uncertainty in the zero of the thermopile-galvanometer system 
This effect may be practically eliminated, if serious erratic fluctua- 
tions of room temperature be avoided, by making two zero readings 
at equal periods of time before and after the deflection reading. Ives 
and Kmgsbury found that, under the conditions of expenment 
above described, an exposure of thirty seconds was sufficient for a 
reading 

The Thermo-junction and Visibility Template . — An alternative 
method which has been proposed is the use of a lummosity 
template, which is placed in the path of the hght dispersed by a 
prism, so that the amount of radiation of each frequency which is 
allowed to pass bears a constant ratio to the luminosity {K^) at that 
frequency, and the energy of the recombmed beam is therefore 
exactly proportional to its lummosity. The apparatus used may 
take several forms. That mvolving the use of a rotating sector is 
shown m Fig 203 , where L is the hght source, S the sht, and P the 





Pig 203 — ^The lliermopile and Visibility Template 


pnsm of a spectrometer produomg a spectrum at /S" Over this 
spectrum passes a rotating sector disc D, the apertures in which are 
of such a form that the exposure of each part of fhe spectrum is m 
proportion to the lummosity value of that part Close to the tem- 

p ^ 
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plate is a lens system (7, C7, the function of which is to recombine the 
spectrum, forming an image of the pnsm face m the colour of the 
recombined hght upon the thermo-junction J. To shield this ] unction 
from infra-red radiation it is placed inside a protective case, the 
opening of which is covered by a glass cell JV containing water. 
Even with a water cell in place, some residual infra-red radiation 
causes trouble, and a 3 per cent solution of copper chloride is 
preferable, due allowance bemg made for its selective absorption in 
the visible spectrum by an appropnate modification of the curve 
used m the template. In the work actually descnbed by Ives 
an iron-clad Thomson galvanometer of 5 1 ohms resistance and a 
sensibility of from 2 to 6 x 10“^® amps, per mm. was used Trouble 
due to mechanical vibration was overcome by the use of a Juhus 
suspension The thermo-couple was of bismuth-tm and bismuth- 

antimony alloys in vacuo, as this form has been found to have five 
times the sensitivity of the ordinary bismuth and silver couple 
The 45-candle carbon lamp used in the experiments on the solution 
method gave deflections of about 20 cm under these conditions. 

The same apparatus may be used with a fixed template m front 
of 8\ care being taken to ensure that the height of the spectral 
band is sufficient to cover the template opemng completely The 
form of the template is then exactly that of the curve of Kg 186, 
allowance being made for the effect of pnsmatic dispersion and for 
the selective absorption of the copper chloride, if this solution be 
used in place of water at W. 

Selective Receptors. — ^The chief disadvantage attached to both the 
above methods of physical photometry is the smallness of the 
currents available and the consequent necessity for using galvano- 
meters of very high sensitivity. In the methods now to be descnbed 
the sensitivity is greater, but unfortunately it varies with the 
frequency of the radiation according to some comphcated relation 
which IS, in many cases, vanable by causes which are at present but 
httle imderstood or under control 

Selenium and Photo-Sensitive Substances. — One of the first 
substances suggested for use as an approximate physical photometer 
was selemum. It had long been known that this substance m the 
crystallised form was sensitive to hght, in that its electrical resistance 
changed enormously when exposed to radiation in the visible 
spectrum (^®). The substance is most conveniently used in the 
form of a selemum cell, better termed a selenium bridge ” (^®) The 
chief object to be attamed m the design of such a cell is maximum 
sensitivity, constancy and quickness of response to radiation Most 
bridges are now so designed that a very long and narrow stnp of 
selenium is obtamed between two metalhc electrodes Many such 
designs have been proposed. One form of bridge, origmally due to 
S. Bidwell (2®), may be made by takmg a small sheet of ground glass, 
mica or slate, and spreading this with a very thin layer of punfied 
amorphous selemum by means of a hot glass rod. If now four 
strands of fine bare mckel or platmum wire are wound round the 
plate so that the whole of the selemum surface is covered, and two 
alternate strands are then removed, the other two strands are left 
separated for the whole of their length by a space equal to the 
diameter of a wire. To make the bridge sensitive to hght it is heated 
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in an oven to a temperature of 180® C for about five minutes, when 
the transformation from amorphous to metalhc selemum should be 
complete. The dark resistance of such a bridge, formed on a plate 
1x3x01 cm has been found by Pfund to be of the order 
of 2 X 10’ ohms, and the sensitivity such that the resistance is 
decreased to 10 per cent, of this value by an illumination of 150 to 
200 metre-candles The bridges should be protected from moisture 
by being placed in a vacuum vessel or waxed to a sheet of glass or 
mica Another form is shown m Pig 204 (^2) A thin layer of 



Fia. 204 — Selemum Bridge. 


platmum deposited on a glass plate is scratched with a fine graving 
tool along a hne of the zigzag form shown Selenium m the plastic 
form IS spread over the platmum surface and is then heated to 
convert it to the crystaUine form Electrodes are attached to the 
two platinum surfaces so that the zigzag line of selemum which 
separates them forms a bridge of comparatively low resistance. 

Much work on the characteristics of selemum bridges has been 
done by many workers (2®), and the most sensitive is capable of 
detecting an ill umin ation of 10-® metre-candles a hmit which 
approaches the sensitivity of the human eye (see p 68) It is still, 
however, inferior in sensitivity to the best type of photo-electnc cell, 
which, with a tilted electroscope capable of measuring currents of 
10-1^ amps , should be capable of detectmg the hght from a candle 
at a distance of 2-7 miles 

The chief objection to selemum is that its sensitivity curve is 
not only very different from that of the eye, but it vanes m form 
with the method of preparation of the cell (2®). Moreover, the law 
connectmg response with illumination is not the same throughout 
the spectrum, bemg linear in the deep red, while the response vanes 
as the square root of the stimulus for the remainder of the visible 
spectrum (2’) The resulting change of form of the sensitivity 
curve with change of lUuimnation is shown in Pig 206. It follows, 
therefore, that selemum can only be used for the companson of 
sources giving radiation of the same spectral distribution, and even 
then the cell must be cahbrated, since the law connecting stimulus 
and response is not a simple one (2®). 

There is, moreover, a further disadvantage attending the use 
of selenium, and that is its slowness in recovering its resistance after 
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exposure to iHumination ( 2 ®), the period taken for recovery increas- 
ing with the intensity of the illumination to which it has been 

Wave - Length ( m/ij 

800 780 700 650 600 550 600 460 

800 ' ' ' ' ' ' ' 
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JFiq 205. — The Sensitivity Curve of a Selenium Bridge 



T^g 206 —A Se- 
lenium Bridge 
mounted tn 
vacuo 


exposed (®®). Spontaneous change of sensitivity 
with lapse of time can largely be overcome by 
mounting the bridge %n vdcuo (®^). A bridge so 
mounted is shown m Eig. 206 The sensitivity of 
a selemum bridge decreases, in general, with rise of 
temperature (»2). Any voltage up to 100 may be 
used on all the ordmary types of bridge, for it has 
been found that the sensitivity of a selemum bridge 
is comparatively shghtly aSected by change of 
' voltage, at any rate up to this hmit (s®) Talbot’s 
law (p 68) holds for selemum, at least for frequen- 
cies between ten and sixty per second (®^) 

A form of photometer has been devised in which 
hght from the sources to be compared is alternated 
on the selemum, the entenon of equahty being 
absence of flicker ” m the current through the 
cell at a mimmum speed of alternation (s®) 

A H. Pfund summarises as follows (s®) the con- 
ditions under which selemum may be used for 
photometry — 

{a) Monochromatic hght must be used. 

' (6) An accurate sensibihty curve [curve of 
sensitivity to hght of different frequencies] must 
have been estabhshed. 
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(c) Exposures to light must be made automatically and must 
be of short duration.” 

The last-named condition is met m a form of selemum photometer 
designed by T Torda (®'^) In addition it is desirable that the curve 
connecting stimulus and response should have been found by means 
of a previous cahbration under the above-named conditions 

Many other substances besides selenium have been found to 
behave similarly under the action of radiant energy (®®), but most 
of them are much less sensitive, at any rate in the visible spectrum. 
One, however, a thalhum oxy-sulphide termed thalofide,” has 
been found notably to surpass selemum in the visible spectrum (®®). 
The sensitive material is fused on a quartz plate and mounted in an 
evacuated bulb to prevent oxidation The most sensitive bridges 
made of this material change resistance by 60 per cent, for an 
illumination of less than 1 metre-candle. The dark resistance ranges 
from 6 to 600 megohms The potential used on the bndges must 
not exceed 60 volts These bndges possess a large temperature 
coefiB.cient of resistance The spectral sensitivity curve of a bridge 
so enclosed is shown m Fig 207 This substance possesses the 
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advantage over selemum that the response to hght and recovery 
after exposure are both rapid 

The Photo-electric Cell. — ^The photo-electric effect has already 
been described briefly m Chapter II (p. 42). The application of 
this effect to photometry has received considerable attention (^o), 
and much work has been done on the construction and design of 
photo-electnc cells m which a specially prepared metal surface is 
lUummated and the resulting electromc emission measured. 

Normally the sensitivity of a photo-electric ceU should mcrease 
with the frequency of the incident radiation (see p. 42), but m 1889 
Elster and Geitel showed that the alkali metals had a selective 
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sensitivity in the visible spectrum, and subsequent vT^ork by these 
experimenters and by others has led to the development of the cell, 
the general form of which is shown m Eig 208. It consists of a 



]?iG 208 — ^Tbe Elster-Geitel Photo-eleotrio Oell 

glass globe Z, mto the centre of which projects a loop of gold or 
platinum wire Pt, which acts as the anode of the cell, while the 
cathode consists of a surface of alkah metal (Na, K, Rb or Cs 
or a K — ^Na alloy) which makes contact with a silver film Ag and 
a piece of platmum wire sealed into the glass A guard nng 
connected to earth prevents leakage over the surface of the glass 
between the two electrodes 

A great increase m sensitivity (of the order of 100 times) may 
be obtamed by special treatment of the kathode metal surface (*2). 
This metal is distiUed first m vacuo^ and then in an atmosphere of 
hydrogen at about J atmospheric pressure. The surface is then 
composed of hydride and is insensitive to hght The hydrogen having 
been pumped out, the kathode surface is bombarded with kathode 
rays until it shows a marked coloration (blue-violet for potassium, 
browmsh yellow for sodium, and pale blue-violet for rubidium) 
due to the formation of free metal which is extremely sensitive 
photo-electricaUy The permanence of the cell is improved by 
removing the hydrogen set free durmg the bombardment and 
replacing it with hehum or argon at very low pressure (^®) Even 
when this precaution is taken, however, a shght “ fatigue ” effect, 
or secular change of sensitivity, is always hable to occur in gas-filled 
cells. Where permanence is of more importance than great sensi- 
tivity the vacuum form of cell is preferable on this account (^) 

When used for measurmg lUummation the cell may convem- 
cntly be mounted as shown m lig 209 The hght enters by the 
tube R, which is closed with a cap when the photometer is not m 
use, so that the cell is completely protected from the hght except 
when in operation. I is an ms diaphragm and M a plate of matt 
uviol glass, which cuts off aU ultra-violet radiation. The box is 
blackened inside and is capable of rotation about the axis defined 
by PL Thus the whole instrument is mounted like a theodohte and 
the tube R can be oriented m any desired direction This is essential, 
smce the sensitivity of the ceU depends on the angle of incidence 
of the hght and, m the case of obhque moidence, on its plane of 
polarisation (see p. 43). The light should, therefore, always be 
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incident normally on the sensitive surface The electrodes of the 
ceU are connected to the terminals and K^, which are in circuit 

-1 


>9 



Tia 209 — ^The Photo-electric Cell in its Mounting 

With a battery of dry cells or small-capacity lead accumulators and 
a sensitive measuring mstrument 

In such a cell it has been found that the current produced by 
sunhght illumination is of the order of 10-® amps The current 
due to an illumination of 1 metre-candle at the ceU is of the order 
of 10-^^ amps , and it is claimed that if proper precautions be 
taken to elimmate possible disturbmg factors, an accurate pro- 
portionahty exists between current and illumination over a very 
wide range (0 07 to 6,000 metre-candles) (^®) Other workers, 
however, have found (^®) that the response of such cells to light is 
not always directly proportional to the intensity, and that the form 
of cell shown m Eig 210 is preferable on this account (*'^) The 
bulb S is silvered on the inside and provided with a small wmdow W 
earned on an extension tube JS7. S forms the anode (*®) The 
kathode is a small centraUy-placed glass bulb K, which is silvered, 
and on which is distiUed the alkah metal which has first been distilled 
on to the walls of the large surrounding bulb from a side tube. 0 is 
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the guard ring (*®). Other forms of cell have been devised for special 
purposes 

The photo-electric current may be measured by means of either 
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Pig 210 — ^The Ives Photo -eleotrio Cell 

a galvanometer or an electrometer In the former case the con- 
nections are as shown in Fig 211 The galvanometer may 

advantageously be of a high resist- 
ance type (®°) When an electro- 
meter is used the connections may 
be as shown in Fig 212 the 
instrument employed bemg of 
the Dolezalek or other smtable 
type (®2). J? is a hght-tight metal 
box contaimng a drying agent to 
stop leakage due to moisture on 
the surface of the photo-electric 
p ■- cell, y is a guard tube surround- 

'Eortli mg the leads Both B and T are 
Pig 211— Conneotiona of the Photo- earthed The needle is charged 
Kathode) vitl a to a potential of 80 to 100 volts 

W. 1 T -U ^ "“g 0^ cell IS at a 

potential of about 200 volts below that of the anode m order to 
avoid a drift of the electrometer due to leakage current. Either the 
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Pi8 212 -Oonneotions of the Photo-eleotno OeU mth an Bleotrometer 

rate of increase of deflection may he measured or the total 
.Meotion produced in . given tdmS mey be taien.Uo^Je 
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made for the deflection produced in the same period of time when 
the cell IS unexposed Alternatively, the potential drop across 
the cell may be measured by means of the arrangement shown in 
Pig 213 (®®), where iJ is a high resistance 
{e,g , a capillary tube of absolute alcohol 
with adjustable wire immersion), while S 
IS an adjustable high resistance The 
contact on S is so placed that the electro- 
meter gives a zero reading when the cell is 
not illuminated 

In order to hmit the current through 
the cell, a high resistance of the order of 1 
to 10 megohms is placed in senes with the 
cell This resistance may be of hquid t3^e 
or may consist of a fine graphite (lead 
pencil) hne on porcelain or some similar 
form of carbon resistance (®®). When a 
very high illumination is being measured 
the voltage on the cell must be reduced, as 
if the current passing through the cell exceeds a certain limit (of 
the order of 10-® amps ) the subsequent behaviour of the ceU 
becomes erratic (®'^) 

The photo-electnc current rises very rapidly with the voltage 
applied (see Fig 214) until a certain value, known as the cntical 
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(Central Anode) with an 
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Fig 214 — Typical Voltage-current Curve for a Photo-electnc Cell 

voltage, is reached. The most convement voltage for ordmary work 
IS about half the cntical voltage, as then the oeU is not unduly 
sensitive to shght voltage variations. 

As might, perhaps, be expected, the sensitivity of any given type 
of cell vanes enormously from ceU to ceU and with the age of the 
ceU (®®) and its previous mstory, but the most fundamental objection 
to the photo-electnc ceU as a physical photometer is the fact that its 
spectral sensitivity curve is quite arbitrary m form and, what is 
worse, it is different for different cells of the same type, and even 
for a smgle ceU with lapse of time (®®). Most alkah cells show a 
marked maximum of response between v = 20,000 and 25,000 (®°). 

It follows that no solution can be found to give the cell the same 
sensitivity curve as the normal eye, and therefore the most useful 
field for this instrument is in the comparison of lights of the same 



330 


PHOTOMETEY 


same type are connected in 
bridge, with two sources of 

Zartk 



X 


b' 
■Earth. 


Itg he 
Source 


spectral composition. A null method devised by Richtmyer (®i) 
is shown diagramtn atically m Fig 215 Two cells, and Gg, of the 

a circmt resembhng a Wheatstone 
variable potential and 62 , and a 
Dolezalek electrometer Q The cir- 
cmt is earthed, permanently at &, 
and when desired at 6 ' and 
ig a^re the two sources to be com- 
pared With the cells unexposed, 
and eg adjusted so that the 
dark currents through and Gg are 
equal as shown by zero deflection 
of Q, With the cells exposed to 
radiation from and the dis- 
tances iiGj and are adjusted 
until there is again no deflection 
of Q, The illuminations at G^ and 
Gg are then equal. This method 
depends on the condition that the 
two cells obey exactly the same 
current-iUumi nation law, but it 
does not demand that this law 
shall be hnear By a substitution 
method in which one lamp, say 
igj fixed throughout the ex- 
periment, two other lamps g%v%nq 
light of the same spectral distribution 
could be compared to an accuracy 
which would probably exceed that 
of visual photometry, due care bemg 
taken to shield the cells from stray radiation (®^). A similar method 
has been used for the determmation of spectral transmission curves 
(see Chapter XIII , p. 389), and might be adapted to the spectro- 
photometric comparison of sources 

Alternatively, a smgle photo-electnc oeU may be used, and the 
lamps to be compared may be successively placed so as to produce 
equal illuminations of the cell as judged by equaUty of the deflection 
in the two cases Instead of varymg the distance of the source from 
the cell, crossed mcol pnsms (p 173), a variable rotatmg sector 
(p. 177), or a neutral wedge (p 179) may be used to vary the 
lUummation according to a known law (®*) . Talbot’s law is rigorously 
obeyed, since the response of a photo-electnc cell is practically 
instantaneous (®^). 

For approximate photometry colour filters are sometimes used 
to give a photo-electric cell a sensitivity curve which in some 
measure approximates to that of the eye (®^), but for accurate work 
it is essential that the sources to be compared shall give light of 
exactly the same spectral composition 

A photo-electnc method of adjusting lamps, such as the sub- 
standards desenbed on p 137, to colour match has been devised (®®). 
Each lamp in turn is placed so that it illuminates simultaneously 
two cells of different alkah metals, e g , sodium and rubidium. Since 
these cells have widely different spectral sensitivity curves, if the 
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Fig 216 — ^Tlie Photo -eleotno Null 
Method 
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photo-electrio currents through the two cells he adjusted to equality 
tor one lamp (by means of a diaphragm, neutral wedge or other 
device), this equahty will be disturbed if another lamp be substituted 
unless the spectral ^stnbution of the hght la unchanged, ^.e., unless 
the lamps be adjusted to colour match. It is desirable that the 
illumination of the cells should be approximately equal with both 
lamps, smce the law connecting mtensity of lUummation with photo- 
electric current may not be exactly the same for the two cells. 

There is one effect m the photo-electrio cell which has so far 
only been referred to incidentally This is the dark current,” 
i.e , the current passmg through the cell when it is not lUummated 
Part of this current may be due to leakage over the surface of the 
bulb between the electrodes, and this can be eliminated by the use 
of a guard ring The remamder, which is a true dark current effect, 
has either to be compensated by some electrical means (as in the 
arrangement shown in Pig 213) or it may be subtracted from the 
observed current when illumination measurements are made. It 
IS of considerable importance in the measurement of very famt 
illuminations (®'^) 

There is no noticeable temperature effect, at any rate m vacuum 
potassium cells, above 0*^ C (®®). 

It has been found possible to increase the photo-electric current 
many thousands of times by means of a three-electrode valve (®®). 
The connections are as 
shown m Pig. 216, where 
P is the photo-electnc 
cell, A the valve, O a gal- 
vanometer, and J5i, JSgj 
jBg batteries The degree 
of amplification natu- 
rally depends on the tem- 
perature of the valve 
filament P. It also 
depends on the photo- 
electnc current through 
P (70), SO that it IS 
necessary to cahbrate the 
system as a whole in order to obtain quantitative results. Other 
arrangements have also been used (7^) 

Metallic Oxide Photo-electric Cells —It has recently been found 
that the filament of a high-vacuum valve shows a strong photo- 
electnc effect if coated with one of the alkahne earth oxides A 
strontium or banum oxide cell gave a current of the order of 
10-® amps per metre-candle illumination (7^) This form of cell has 
recently been developed (7®), 

Chemical Photometers The Photographic Plate.— The suggestion 
has been made repeatedly to use as a physical photometer some form 
of apparatus in which light is measured by the amount of chemical 
action it produces (7^). The only practical apparatus of this kind 
is the photographic plate (7®), incidence of radiation on which causes 
a chemical reaction resultmg, on development, m a deposition of 
silver particles. The opacity thus produced m the plate may be 
measured by other photometnc means (see p 392), and under 
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Fig 210 — ^The Use of a Valve with a Photo- 
electnc Cell (Central Anode) 
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certain conditions is nearly proportional to the total energy reaching 
the plate during the period of exposure (’®) If this period be known 
accurately, the illumination if steady, or its mean value if fluctuating, 
can be deduced (’'^) The photographic plate, therefore, is the sole 
instrument capable of performing a time mtegration for an illumina- 
tion. Its sensitivity is, however, vanable {a) from one plate to 
another even under otherwise identical conditions, (&) according to 
the particular emulsion used on the plate, (c) acoordmg to tempera- 
ture and other conditions of development (’®), and {d) according to 
the spectral distribution of the hght Normally the plate is 
most sensitive to radiation m the violet and ultra-violet, but, by the 
use of sensitisers, its response to hght of the lower frequencies niay 
be increased as shown in Pig 217 Even m these cases, however. 
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!Fia 217 — The Kelative Sensitivities of Photographic Plates 

the sensitivity curve is irregular and vanable, and it seems to follo-w 
that the chief sphere of usefulness of the photographic method of 
photometry is in strictly homochromatic compansons or m the 
measurement of very faint illuminations, such as those met with m 
stellar photometry (see p, 427), where the eye, or any mstrument 
depending on the measurement of luminous fAtaa, is of insufficient 
sensitivity, and where the time integration of the photographic 
plate e , the fact that it measures energy, and not power) enables 
it to give an approximate measurement if due care be taken to use 
standard conditions in both the preparation and the development 
of the plate (®*’) The photographic method is also useful for obtain- 
ing a continuous record of light mtensity (Si), especially in inaccessible 
places, such as the upper atmosphere (®2) or below sea level f®*). 
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Probably the most important apphcation of photography to 
photometric measurement at the present time is m the special 
field of spectrophotometry, where the comparison is strictly homo- 
chromatic, and where the great sensitivity of the photographic plate 
makes it possible to use much smaller slit widths than are practicable 
in visual or even in radiometric work (®^). It is particularly useful 
for determining the approximate relative intensities m the different 
parts of the spectrum of a source, such as a flame arc, where there 
are narrow spectral bands superposed on a continuous background 
It may also be used for finding the relative intensities of the hues 
m a pure hne spectrum (®®). In such work the spectrum to be studied 
and a spectrum of known intensity distribution are photographed 
side by side, one of the two being photo^aphed several times with 
different exposures of known duration ny subseq^uent comparison 
of the records in any particular region of the spectrum it is possible 
to make an estimate of the respective times of exposure to the two 
hghts which would give equal densities m that spectral region. 
Schwartzchild’s law, or one of its modifications, may then be used 
to find the relative intensities. A similar method may be apphed 
to the determination of the spectral transmission curve of a coloured 
medium (®®). It is clear that, instead of using different exposure 
times to obtain the necessary scale of mtensities of one spectrum, a 
number of exposures of equal duration may be made with different 
densities of a neutral absorbing medium over the sht of the 
spectrometer. 

A rough comparison of the densities of photographic images may 
be made by eye if the densities be approximately equal. For 
accurate work, and for the comparison of unequal densities, however, 
some form of densitometer or microphotometer must be used (see 
p 393) In making an approximate comparison of the mtensities 
of two hne spectra, it is sometimes convement to split each hne 
into a senes of dots by means of a diffraction grating placed between 
the pnsm of the spectrometer and the camera, the ruhngs being at 
nght angles to the length of the sht In the resultmg photograph, 
made either directly or through a fine process screen, the number of 
dots just visible at each hne gives an approximate measure of the 
mtensity of that hne (®®). 

The same device is sometimes useful in the case of continuous 
spectra, for since the relative luminous intensities of the different 
diffraction bands for hght of any given frequency are known from 
theoretical considerations, the relative densities of the photographic 
images of these bands provide a scale by means of which it is possible 
to compare images of unequal densities for hght of the same colour 

It IS important to notice that a sector disc cannot be used as a 
means of reducing the hght intensity by a known factor in the case 
of photographic photometry, since it has been found that the plate 
does not obey Talbot’s law An intermittent exposure gives less 
photographic effect than the same amount of luminous energy acting 
continuously (®®) 

The Deteimmation ot Polar Distribution Curves and ot Intensity 
Fluctuations- — ^It is clear that the disadvantage of irregularity m the 
“ luminosity curve ” of a physical photometer does not affect its 
usefulness for comparing hghts of exactly the same spectral com- 
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position and, m particular, for measuring the relative candle-powers 
of a hght source m different directions All the physical photometers 
described m this chapter may therefore be used for obtaining polar 
curves of light distribution or illumination curves, but so far little 
use has been made of them for this purpose (®®) They have, however, 
been used for obtaining records of the fluctuations of a source of 
light n 
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CHAPTER XII 

ILLUMINATION PHOTOMETRY 


The instruments and methods described m Chapters VI and VII. 
are aU designed pnmarily for the measurement of the candle-power 
of a source of light, and the lUummation produced by the flux 
reaching a surface from that source is only considered in so far as 
it IS a necessary mtermediary in the process of candle-power measure- 
ment For many purposes, however, the illumination of a surface 
at a point is of more interest than the sources of the hght flux 
producing that illumination For instance, in a general specification 
of the lightmg of factories and schools it is the minimum lUummation 
at the desk or pomt of work which is stated, the sources of hght 
being ignored except as regards such general considerations as glare, 
position of shadows, e^c (^). 

There are several factors which have to be considered carefully 
in the design of mstruments for lUummation photometry Chief of 
these are (a) the frequent necessity for making measurements m 
positions where bulky apparatus cannot be accommodated, or m 
which it is impossible to use dehcate instruments or those requirmg 
accurate positiomng , (6) the fact that the lUummation at a pomt 
IS generally denved from a number of sources, so that the flux 
reachmg it comes from many difierent directions and must not be 
obstructed by the measurmg apparatus itself or by the person of 
the observer. The first of these considerations may, for practical 
purposes, be summed up under the name of “ portability,” and the 
aim of fllummation photometer design is to obtain the maximum of 
sensitivity and accuracy with the mmimum of size and weight.* The 
second consideration is extremely difficult of fulfilment, and it wiU 
be noticed that with many instruments, particularly those of older 
design, it IS impossible to obtam an accurate measurement of 
iUumination when the flux reaches the surface from aU directions. 

Since, as has been said already (p. 147), aU accurate photometry 
ultimately depends on a comparison of the bnghtness of two surfaces, 
it foUows that m order to measure the lUuimnation at a pomt it is 
necessary to place at that pomt a standard surface whose reflection 
factor p IS known, so that a measurement of its bnghtness B gives 
at once the illumination E = rrBjp, assuming that the surface is a 
perfect diffuser (see p 101) This at once introduces another require- 
ment m illumination photometry In candle-power photometry 
the light is arranged to be incident on the comparison surface at an 
mvanable angle, which is preferably 0° (see p 162). Further, this 
surface is always observed at a constant angle, so that any shght 
departure of the comparison surfaces from the state of perfect 
diffusion IS immatenal In the case of the illumination photometer 

* See the British Standard Specification for Portable Photometers, No 230, September, 
1925 lUum. Eng., 18, 1925 , p 298 
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of a source of light, and the illumination produced by the flux 
reaching a surface from that source is only considered m so far as 
it is a necessary intermediary in the process of candle-power measure- 
ment. For many purposes, however, the illumination of a surface 
at a point is of more interest than the sources of the hght flux 
producmg that illumination For instance, m a general specification 
of the lighting of factories and schools it is the minimum iflummation 
at the desk or pomt of work which is stated, the sources of hght 
being ignored except as regards such general considerations as glare, 
position of shadows, e*c (^) 

There are several factors which have to be considered carefuUy 
in the design of instruments for iflummation photometry Chief of 
these are {a) the frequent necessity for making measurements in 
positions where bulky apparatus cannot be accommodated, or in 
which it is impossible to use dehcate instruments or those requmng 
accurate positiomng ; (&) the fact that the illumination at a pomt 
IS generally derived from a number of sources, so that the flux 
reachmg it comes from many different directions and must not be 
obstructed by the measuring apparatus itself or by the person of 
the observer. The flrst of these considerations may, for practical 
purposes, be summed up under the name of “ portability,” and the 
aim of Lflummation photometer design is to obtam the maximum of 
sensitivity and accuracy with the mimmum of size and weight * The 
second consideration is extremely difficult of fulfilment, and it will 
be noticed that with many instruments, particularly those of older 
design, it IS impossible to obtam an accurate measurement of 
illumination when the flux reaches the surface from all directions 

Since, as has been said already (p 147), all accurate photometry 
ultimately depends on a comparison of the brightness of two surfaces, 
it follows that in order to measure the illumination at a pomt it is 
necessary to place at that point a standard surface whose reflection 
factor p IS known, so that a measurement of its brightness B gives 
at once the iflununation E = 'jrBjp, assuming that the surface is a 
perfect diffuser (see p 101) This at once introduces another require- 
ment m illumination photometry In candle-power photometry 
the light IS arranged to be mcident on the comparison surface at an 
invariable angle, which is preferably 0° (see p 152). Further, this 
surface is always observed at a constant angle, so that any shght 
departure of the companson surfaces from the state of perfect 
diffusion is immaterial. In the case of the illumination photometer 

* See the Bntiflh Standard SpeoifloatiOD for Portable Photometers, No 230, September, 
1926. Dlum Eng , 18, 1926, p 298 
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Eng , 1, 1908, pp 239 and 343 , Lum El , 2, 1908, p 149 , El World, 61, 1908, p 396 
[Thermopile ] 

J E. Kandolph El World, 09, 1917, p 1166 , Eleotrioian, 80, 1917, p 90 [Photo-el 
cell] 

H E Ives and M. Luckiesh El World, 60, 1912, p 163 , Electrician, 69, 1912, 
p 788 , Nela Bull , 1, 1913, p 111 , Z f Bel , 18, 1912, p 376 [Photography ] 

E Riedl J G W , 62, JS6S, P 652 [Photography] 

(01) C H Sharp and W R Turnbull Phyq Eer , 2, 189i, p 1 , Eol El , 2, 1895, 
p 233 [Bolometer ] 

See also references in note (39), p 374 
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The instruments and methods described in Chapters VI. and VII. 
are all designed primarily for the measurement of the candle-power 
of a source of hght, and the illumination produced by the flux 
reaching a surface from that source is only considered m so far as 
it is a necessary mtermediary in the process of candle-power measure- 
ment For many purposes, however, the illumination of a surface 
at a pomt is of more mterest than the sources of the hght flux 
producing that illumination For instance, in a general specification 
of the lighting of factories and schools it is the minimum lUummation 
at the desk or point of work which is stated, the sources of hght 
being ignored except as regards such general considerations as glare, 
position of shadows, e^c (^) 

There are several factors which have to be considered carefully 
in the design of instruments for lUummation photometry. Chief of 
these are {a) the frequent necessity for making measurements m 
positions where bulky apparatus cannot be accommodated, or in 
which it IS impossible to use dehcate instruments or those requiring 
accurate positiomng , (6) the fact that the illumination at a pomt 
IS generally derived from a number of sources, so that the flux 
reaching it comes from many different directions and must not be 
obstructed by the measurmg apparatus itself or by the person of 
the observer The first of these considerations may, for practical 
purposes, be summed up under the name of ‘‘ portability,” and the 
aim of illumination photometer design is to obtain the maximum of 
sensitivity and accuracy with the mimmum of size and weight * The 
second consideration is extremely difficult of fulfilment, and it wfll 
be noticed that with many instruments, particularly those of older 
design, it IS impossible to obtain an accurate measurement of 
illumination when the flux reaches the surface from all directions. 

Since, as has been said already (p 147), all accurate photometry 
ultimately depends on a companson of the brightness of two surfaces, 
it follows that m order to measure the lUununation at a pomt it is 
necessary to place at that point a standard surface whose reflection 
factor p is known, so that a measurement of its bnghtness B gives 
at once the iUummation E = TrBjp, assuming that the surface is a 
perfect diffuser (see p 101) This at once introduces another require- 
ment m illumination photometry In candle-power photometry 
the hght IS arranged to be incident on the companson surface at an 
mvanable angle, which is preferably 0° (see p 152). Further, this 
surface is always observed at a constant angle, so that any shght 
departure of the companson surfaces from the state of perfect 
diffusion is immatenal. In the case of the lUummation photometer 

* See the British Standard Speoifioation for Portable Photometers, No 230, September, 
1925. Dlum. Eng , 18, 1925, p. 298 
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the light may be incident at any angle or at many different angles, 
while the angle at which the test surface is viewed may also vary 
It is therefore necessary that this surface should, as nearly as possible, 
behave as a perfect diffuser. 

The Standard Surface or Test Plate. — ^The errors which arise from 
a lack of perfect diffusion of the incident hght by the standard 
surface are among the most troublesome which have to be considered 
in the design and use of illummation photometers, particularly those 
in which the surface is detached from the photometer, so that the 
angle of view depends on the whim of the observer In most instru- 
ments the surface is viewed by reflected hght, and for this purpose 
plain white blotting paper, bristol board depohshed by rubbing its 
surface with fine pumice powder (2), white enamelled iron depohshed 
by etching with hydrofluoric acid (®), plaster of Paris (^), compressed 
powders such as magnesium oxide or carbonate (®), depohshed opal 
glass (®), opaque white celluloid rendered matt by sandblasting C^), 
porcelain (®). and other substances (®) have been studied. 


I 5 
14 

§1. 

2^* ' 

3o6 

^ 07 
06 


I 5 
I 4 
I 3 
i I 1 
I 

p I 
3 

3 OB 

06 


Pot OpoL GCass (£>epo^i3^eoi) 


y 


50* 


Angle dt 
VlAtU 


■ 30* 


10 


JA* o\i 40 o\j c 

•Aiigte of IncuLefice. (Decrees) 
Matt CeliulotcL 


- 50 


60 


70 


60 


50“ 






‘ 30“ 


0" 


70 


60 


10 20 30 40 50 60 

A.nglc of InctcU-ruce (fDejree^^ 

Fio 218. — ^The Oharaotenstios of DiJfusmg Surfaces for Use as Test Surfaces 

The results obtained with matt celluloid and depohshed opal 
glass may be considered, as these surfaces are fairly representative 
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of the general behaviour of approximately diflfuse reflectors The 
curves of Eig. 218 show the departures from the true cosme law 
which are exhibited by a depoUshed opal and a matt celluloid surface 
viewed normally and at 30® and 60® from the normal, the line of view 
being in the same plane with, but on the side opposite to, the mcident 
light. The abscissae represent angles of incidence, and the ordinates 
the percentage differences from the theoretical values, the value at 
0° incidence being assumed correct. It will be seen that so long as 
the plate is viewed at an angle of 30® the errors m the case of the 
glass do not exceed about 3 per cent for angles of incidence up to 
80®, while for matt celluloid the error may rise to 8 per cent. 

The two surfaces here chosen as examples of diffusion have the 
very desirable quality of permanence, and both can readily be 
cleaned by simply wiping them with a damp cloth. In the case of 
celluloid, however, repeated wiping in this way results in a partial 
polish, and the surface should be occasionally renewed by rubbmg 
it gently with a paste of flne pumice powder and water. 

A very good matt white surface may be obtamed by smoking a 
plate of metal or other matenal over burmng magnesium ribbon. 
Although the surface of magnesium oxide thus obtamed is very 
easily damaged, and is therefore most suitable for use in enclosed 
apparatus, it is very readily renewed when it becomes dirty or 
scratched. 

Eor a transmitting standard surface, such as is required for the 
Sharp-Miliar photometer (p. 348) where the test plate is viewed from 
below, opal glass is almost universally employed It may be either 
polished or depohshed The former possesses the advantage of 
retaining a clean surface for a longer period without washmg. 
Curves A and B respectively of Fig. 219 show the behaviour of such 
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plates at different angles of incidence of the hght, the plate bemg 
viewed normally m every case It will be seen that at angles of 
incidence greater than about 60® the errors introduced are very 
large, and Sharp and Little have developed a form of test plate 
in which this negative error at large angles of incidence is com- 
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pensated. The principle of the plate wiU be seen from the section 
in Fig 220 P is a sheet of pohshed opal glass, P is a nng of opal 
glass in which the diffusmg layer may be quite thin (e g , & hght 
flashmg of opal on a clear glass), 0 is an opaque nng, and 8 is an 



Pig 220 — ^The Compensated Transmitting Test Surface 

opaque saucer-shaped screen, so arranged that its upper edge is at 
1;he same level as the lower edge of C, This screen has also a vertical 
portion surrounding the lower part of i2. When the light is incident 
normally, J? is not lUuininated, and the brightness of the under 
surface of P is due entirely to transmitted hght At large angles 
of incidence, however, hght falls on iJ, is transmitted through the 
portion between C and S, and by diffuse emission from the inner 
surface of P adds to the bnghtness of P, so that the defect m the 
transmission of this latter plate is compensated As will be seen 
from curve A of Fig 222, by properly adjusting the breadth of the 
exposed band of R to the transmission curve of P very accurate 
compensation up to angles of incidence of 80° may be obtained 
A reflectmg test surface on the same prmciple is shown m Fig 221 
In this case P is of depohshed opal glass, the negative error of which 
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Pig 221, — ^The Compensated ReQeotmg Test Surfooe 


at obhque mcidence is compensated by the light reflected to it from 
a second similar plate C. The performance of this plate is shown m 
curve B of Fig 222, A disadvantage of this plate is that it has to 
be viewed normally, whereas matt celluloid may be viewed at angles 
not exceedmg about 30° without serious error, especially if the hght 
be not incident too obhquely Although this last requirement is not 
always easy to comply with when the illumination is derived from 
many sources situated at aU distances from the surface, it must be 



ILLUMINATION PHOTOMETRY 


345 


remembered that m such cases the oblique light is frequently qmte 
a small fraction of the whole, and that the least important from the 
point of view of the resultmg illumination 

The whole position may, perhaps, be summarised thus . (a) for 
work of the highest accuracy under aU conditions a transmitting 
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test plate of the compensated type described above gives the best 
performance, if it be viewed always m the normal direction , (b) for 
ordmary accuracy (3 to 5 per cent.), and in cases where it is not 
possible to use a transmitting surface, the best performance is 
obtained from depolished opal glass or a matt celluloid surface. 
When the illumination is obtamed from hght commg in but few 
directions the surface should be viewed at an angle not greater than 
30° When a large number of sources contribute to the dlummation, 
it IS inevitable that errors will be made in the measurement of the 
obhquely mcident hght owmg to the imperfect behaviour of the 
surface at large angles of incidence. As, however, this part of the 
illumination is derived from distant sources, the inverse square law 
combines with the cosme law of illumination to make this by far the 
least important part of the whole illumination, so that even large 
errors here wiU produce but a small efiEect on the measured total. 

The absolute value of the reflection or transmission factor of a 
test surface is of importance, particularly in the measurement of low 
lUummations, where as bright a comparison field as it is possible to 
obtam IS most desirable. The values of these factors for certain 
important materials are given m Appendix VII It is clear that 
the material used for a test surface should be as non-selective as 
possible. 

Illumination Photometers based on the Inverse Square Law. — 

Illumination photometers, like candle-power photometers, may be 
classified according to the method adopted for altering the brightness 
of the companson surface within the instrument Among those m 
which the mverse square law is used the ordinary Weber photometer, 
already described on p 172, must be mcluded, since it is readily 
adapted to the measurement of illumination by the removal of the 
opal glass plate (Fig 98, p. 172) The tube is then directed 
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towards a test surface placed in the position at which it is 
desired to measure the illumination, and the brightness of this 
surface is compared with that of the surface (i®). Photometric 
balance is then obtamed, as m the measurement of candle-power, 

by movmg back- 
wards and forwards, 
ca illumination of 

j I A ^ the surface is calculated 

« - 1 II j from the equation given 

J;-* mmtmm above and the bright- 

^^dZlco I ness of Prefer- 

I ably, the instrument 

I ■ " may be cahbrated by 

I usmg it to measure 

the brightness of the 
I standard surface when 

1.^511 lUummated by a stan- 

dard lamp of candle- 
power I placed at a 
known distance d from 
it in the direction of 
^ I the normal, so that the 

I a pomt of balance of 

^ a under these conditions 

I corresponds to an lUu- 

3 ^ mmation of Ijd^. 

J Since brightness is 

K, § independent of distance, 

S the only restriction on 

^ the position of the pho- 

I tometer is that it must 

« be sufficiently near the 

test surface for the 



ill 




latter to fill the field of 
the prism C completely. 
The general remarks on 
angle of view of the test 
surface (p. 346) apply to 
this photometer as to 
all others m which the 
angle of view is not 
fiLxed by the iustrument 
itself This angle may 
be made invariable by 
the provision of an arm 
rigidly attached to 
and carrying the test 


^ ^ ^ surface at its end 

^ S ^ Many other photo- 

meters depending on 
the inverse square law have been designed (i^). A serious disad- 
vantage of some of these — ^for example, the Burnett and the Martens 
— ^is that the test surface is fixed in such a position that it can 
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receive light only from above and in front of the observer Among 
the most accurate and convement instruments depending on the 
inverse square law are the Macbeth illuminometer and the 
Sharp-MiUar photometer (i®) 

The Macbeth Illuminometer. — The prmciple of this instrument 
will be seen by reference to Fig. 223. The opal glass companson 
surface 8 is illuminated by the lamp L, which, in its diaphragmed 
enclosure, is moved along the tube T by means of a rack and pimon 
R A foot-candle scale is marked on the rod carrying the lamp 
enclosure. The lamp is supplied from a dry battery by means of 
leads plugged into the end of this rod The battery is earned in a 
separate control case, which also contains a rheostat and milh- 
ammeter by means of which the current through the lamp L is 
adjusted to the value at which the foot-candle scale has been found, 
by previous cahbration, to read correctly The test surface is of 
depohshed opal glass and is detached from the mstrument, although 
a transmittmg test plate may be used instead. The brightness of 
the test plate is compared with that of 8 by means of the Lummer- 
Brodhun cube L-B viewed through the eyepiece E, A reflectmg 
elbow-piece, to fit on the end of C, is provided for use where con- 
venient, particularly in making measurements in directions above 
the honzontal Neutral filters may be inserted either at or 
to extend in either direction the normal scale of the instrument 
which IS from 1 to 26 foot-candles The mstrument is shown m 


use in Fig. 236. In general it will be found convement to use an 
accumulator (4 volts) in place 

of the dry battery whenever ^ 

accurate measurements are 

The instrument cahbration '1- 

is checked from time to time by ^ vl* 

means of the reference standard 

shown m Fig 224 This is ^ 

placed with its base G on the \ 

test surface, the lamp M being I 

supphed from the same battery \ \ , 

as that providing the current \ \ 1 

for the lUummometer lamp L. \ \ * ^ 

A second rheostat is provided in ^ i \ \ ! 

the control box for adjusting ' 

the current through and the ' i 

ammeter is provided with a \ ‘ 

double-pole switch to enable it \ ' 

to be used on either the illu- \ \ j 

mmometer or reference stan- \ \] j 1 

dard ciremt. The dlummo- ^ 

meter is sighted through the 224 -The Portable Befereaoe Stan- 

aperture A, and tne current dard for the Maobeth niuminometer 

through M is adjusted to a 

stated value The milhammeter is then put over to the illumino- 
meter circuit and the current in L is adjusted until the photometric 
balance point is attamed at a stated value of illumination corre- 
sponding to the stated value of the current through M 


Fm 224 — The Portable Reference Stan- 
dard for the Maobeth niuminometer 



348 


PHOTOMETRY 


The Sharp-Miliar Photometer. — ^This instrument is shown in plan 
and elevation m Eig 225. The electnc lamp L is moved backwards 



and forwards by means of an endless cord which passes over a wheel 
attached to the handle ff. It illuminates the diffusmg glass screen 
which forms one of the companson surfaces The other oompanson 
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surface, S^, is of matt opal glass and is earned at the end of an 
elbow-tube T which has at its angle a mirror, so that S-^ and 8 ^ 
may be compared by means of the Lummer-Brodhun type cube G 
viewed through the eyepiece E. The tube T may be swivelled about 
its collar jP IS a translucent celluloid scale upon which is cast the 
shadow of an index attached to the lamp holder, so that when a 
photometric balance has been obtained the illumination may be read 
off directly from the position of the shadow on the scale In order 
to avoid the entrance of stray light through this scale, it is covered 
on the mside by a shutter, which is raised by means of a handle at 
the end of the box when a setting has been made In order to avoid 
errors due to reflected hght, a system of black screens of hght flbre 
IS placed between the lamp and the screen 8 -^ These screens are 
supported on two hght rods and are attached to one another and 
to the lamp carnage by cords, so that when the lamp advances its 
housing pushes the screens successively in front of it, and when it 
recedes the cords pull the screens, one after another, into their 
ongmal positions The normal range of the instrument (0 4 to 
20 foot-candles) is increased by the provision of neutral filters with 
transmission factors of 1/10 and 1/100, placed in front of either of 
the companson surfaces, so that the scale is extended by a factor of 
100 in each direction. The current through the lamp is adjusted 
by means of the slides on the rheostat R until it gives the correct 
value on an auxihary ammeter Alternatively, a Wheatstone 
bndge with a telephone and mterrupter instead of a galvanometer 
IS used for regulating the current through the lamp, the correct 
current being mdicated by absence of sound in the telephone 
circuit When the instrument is calibrated the bridge is adjusted 
to be m balance when the current through the lamp is such that 
the true illumination of 8 ^ agrees with the reading of the pomter 
on F 

It will be noticed that this form of photometer has a test 
surface which is viewed by transmitted light, so that there is no 
possibility of error due to shadow of the observer or the instrument 
Further, the test surface is always viewed normally, so that 
errors due to variable angle of view are avoided The instrument 
also possesses the advantage that the scheme of indication enables 
readings to be taken in the dark, a considerable convemence in 
certam kinds of illumination work The accuracy of the scale 
depends on the extent to which the inverse square may be assumed 
to hold as the lamp approaches the companson surface, and even 
more on the exact ahgnment of the lamp filament with the scale 
index The instrument as originally designed is somewhat bulky, 
being 23 inches long by 3| by 3f inches, and weighing about 8 lb 
It is generally used on a tnpod A smaller model, measuring 14 J by 
by inches, has since been designed on exactly the same general 
lines, but with shght modiQcations in constructional details (^’^) 
When it IS impossible to place the whole instrument in the position 
at which it IS desired to measure the lUununation, the tube T is 
removed and a detached test surface (such as that described on 
p 344) IS viewed through the opening thus left For the measure- 
ment of candle-power, 82 is removed and a diffusing surface is substi- 
tuted for the mirror at the elbow of T, The plam opal glass may be 
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removed, and the compensated test surface described on p. 343 
may be substituted. 

Ulumination Photometers with Tilting Screen. — number of 
illumination photometers have been devised in which the variation 
of brightness of the comparison surface within the instrument is 
achieved by tiltmg this surface so that the hght from the comparison 
lamp reaches it more or less obliquely. The first of these instruments 
was devised by Trotter m 1891 (^®) It has since been modified 
several times (^®), and m its present form is shown in Pig. 226 
The hght from a small metal filament glow lamp L is reflected by a 
mirror to a white diffusmg surface G made of matt celluloid. 
This surface is rigidly attached to a mount which is capable of easy 
rotation about an axis perpendicular to the plane of the paper. 
This mount carries a pm and roUer D, which bears on the surface of 



Fiq 226 — The Trotter Photometer 


Appearance of F 
and C when cor- 
rectly viewed 



the cam A and is held m contact with it by a hght coiled spring 
(not shown). A is moved about an axis perpendicular to the plane 
of the paper by means of a shaft which passes through the c^e of 
the instrument and bears a pomter, which moves over a graduated 
scale. A hght leaf spring E bears on A so that it retains any position 
to which it may be set The leads from a 4-volt portable battery are 
attached at T-^ and T^, and a small knife switch S is depressed to 
make the circuit through the lamp when a readmg is being taken 
The surface F, which also is of white celluloid, has a tran^ree slot 
cut m it as shown separately m plan, and through this slot the 
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surface 0 is viewed, A being rotated until the brightness of the slot 
IS equal to that of the surrounding surface. The position of the 
pointer attached to the shaft of A then gives, by direct reading on 
the scale, the iUummation of F This scale has to be cahbrated 
empirically by means of a standard lamp placed at given distances 
from F so as to produce known values of Ulummation The cam is 
necessary m order to open the scale of the instrument at its lower 
end, for since the change of illumination of the companson surface 
is produced by change of inclination of this surface to the incident 
hght, the scale would be a cosine scale if the pomter and the surface 
were to have equal angular motions throughout, and if the surface 
behaved as a perfect diffuser Actually the cosme scale would not 
be accurate on account of imperfect diffusion, and therefore there 
IS nothing lost, even in theoretical accuracy, by the employment of 
a cam which reduces the angular velocity ratio at the lower iQuiiuna- 
tions, and so gives a scale which, though arbitrary, is much more 
uniform than a cosine scale throughout its length. T^en the instru- 
ment IS calibrated, the carriage bearing L is moved up and down 
upon the vertical rod B, This carnage bears a pointer, which moves 
on a vertical scale, so that its correct position can be noted for 
purposes of reference The scale of the instrument, normally 0 01 
to 4 foot-candles, may be mcreased for greater illuminations by using 
a standard surface which has a reflection factor one-tenth that of 
the surface ordinarily used, and for low illuminations by introducmg 
a senes resistance into the lamp circuit so that the candle-power of 
the lamp is reduced to one-tenth of its normal value The box is 
pamted a dead black inside to avoid errors due to stray hght 

The instrument is somewhat bulky, measuring 9 by by ^ 
inches and weighing about 4 lb. (without battery or tnpod) It is 
generally used on a tripod stand, and provision is made for leveUmg 
it accurately or for tilting it through any desired angle 

A portable form of the Trotter photometer is the “ Luxometer,” 
shown in Eig 227 In this the prmciple of the tiltmg companson 



surface is retamed, but the field of view is altered, and a test 
surface external to the instrument is used. This may be quite 
separate, T, or it may be carried at the end of a short arm clamped to 
the case. It fills the lower half of the circular field seen through C, 
which is a glass plate silvered over the upper part of its surface, while 
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the lower part is clear The tilting surface S, by means of the nurror 
fills the upper half of the field formed of the silvered part of C 
To increase the range of the instrument neutral filters of known 
transmission factors are mounted m a disc framework which moves 
over the aperture of the instrument so that the brightness of the 
external sunace is reduced by the factor, rg, etc. It follows 
that when the filter of transmission r is m use, the reading of the 
instrument has to be multiphed by the factor 1/r. Alternatively, 
a standard surface of low reflection factor may be used, as in the case 
of the ordmary Trotter photometer 

The Harrison photometer (^2) is designed mainly for street 
lighting work The tilting screen method is employed for varymg 
the brightness of the companson surface, but a distinctive feature 
of the instrument is its use of the flicker principle (see p. 250) for 
ehmmatmg colour difference. A rotating test surface which 
has the form shown in Eig 166 of Chapter VIII (p 262) is mounted 
at an angle of 46° with the horizontal, and is pneumatically set 

spinning in front of a mirror, 
^ which reflects the comparison 

surface. The system is shown 

diagrammatioally in Eig. 228, 
and it will be seen that the field 
of view at A is alternately 
" occupied by B and by the image 

1 ^ ^ y^hna tilting surface in M 

Photometers dependmg on 
W change of Candle-power of the 

“ Comparison Lamp. — Probably 

the earliest form of illummation 

— TWM photometer w'as that of 

I^Q 228 —The Hamson Photometer Preeoe (23), who Used as hlS 
. . ^ ^ comparison source a glow lamp 

m circuit with a variable resistance, so that a photometric balance 
could be obtamed by varying the current through the lamp The 
candle-power vanation with change of current was known by previous 
calibration The same principle is used by H T. Harrison for his 
portable ‘ hghtometer ’’ (2^), by J T Marshall m the “ lummo- 
meter ( ), and by W J Dibdin in the hand photometer ” (2®). 

A scale attached to the shdmg rheostat which is used for varying 
current gives a direct indication of the illumination in each case 
J-he same sy^m, but with a benzine lamp as source, was origmallv 
(*’), hut m later forms of his instrument, as 
mo<Med by H Kruss, the tiltmg screen and cam device of the 
Trotter photometer has been substituted (28) A Blondel uses an 
electnc lamp with a straight filament, in front of which is placed a 
at^^ (88^)^^ Isngth of filament exposed can be vaned 

Photou^ers depending on the use of Diaphragms and other 

that the ^scart, Blondel and Broca (note (89), p 192) (so), Brodhun 
(p. 178), Martens polaraation (p 173), Bechstein (p, 251), and other 
photometCTs can readily be adapted to the measurement of iHumina- 
tion ( ). The instrument of E. J. Houstoun apd At’E, KenneHy (*8), 


PiQ 228 — ^The Hoirnson Photometer 
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and others depending on visual acuity, need not be described here. 
The diaphragm method of control of the standard brightness, used 
in the Mascart and Blondel instrument, has been the basis of several 
illumination photometers (®®), notably a very portable instrument, 
termed the lumeter, which is shown in Pig 229 {®^). The lamp L, 



Fio 229 — The Lumeter (First Form) 

controlled by a press key K, is enclosed in a whitened box and 
illuminates a depolished opal glass window W, This window m 
turn acts as a source illuminating the outer opaque white annulus 
of the screen 8, while the test surface T is seen through the 
central transparent part of jS In front of W move two opaque 
screens L-^ and Lg? "w^hich have the forms shown in the detail at the 
top of the figure, and which are rigidly attached to mdependent 
shafts and are separately controlled by the handles The 

width of the band m is exactly one-tenth of the radial mdth of W, 
so that as moves across W the area of the latter which illummates 
8 is reduced from a to a/10 As then moves across, the area is 
further reduced from a/10 to 0 It follows that, if the surface of W 
be uniformly bnght and the screens carefully made, then, assuming 
that a photometric balance is obtamed with W completely exposed 
when the illumination at T is 1 foot-candle, as moves across, the 
illumination of T which gives a balance decreases at a uniform rate 
to 0 1 foot-candle The subsequent movement of gives a second 
uniform range between 0 1 and 0 foot-candle, so that by attaching 
pomters to H-^ and Hg the instrument may be made to give the 
illumination of T, from 1 to 0 foot-candle, by direct reading on one 
of two uniform scales A precaution which it is important to notice 
in the use of this instrument is the necessity for having at its 
mimmum position whenever a reading is being made with Hg. 
Similarly, it is necessary to have Hg at its maximum position when- 
ever readings are bemg taken with The range of the instrument 
is extended upwards by means of neutral filters N Each of 
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these consists of a double wedge of neutral glass, so that the trans- 
nussion factor can be adjusted to 10 and 1 per cent, exactly. Either 
or both of these screens can be introduced at will, so that the upper 
limit of the instrument is 1,000 foot-candles 

In a slightly modified form of this photometer, shown in plan 
in Fig 230 (®®), the lamp is contained in a cylindnc^ enclosure, and 



Fig 230 — ^Second Form of Lumeter 


instead of the screens L-^ and an opaq[ue cylinder having an 
aperture of the shape shown in Fig 231 moves across the window 

A single handle with a scale of the 
kmd shown can then be used Unless 
the aperture is very carefully cut, 
the readings m the neighbourhood of 
0 2 foot-candle, where the change of 
scale takes place, are hable to be 
maccurate, and for this reason a 
slot with three steps has been adopted 
m the latest models The instrument is 
cahbrated by means of a standard 
lamp, placed so as to give a known 
dlumination at T, the lamp L being 
moved back and forth until a photo- 
metnc balance is obtamed when the true reading is given by H. 
or H 2 B j 1 

In some types of portable photometer a neutral wedge is used 
instead of a diaphragm of variable openmg (®®) 

^^The ‘‘ Foot-Candle Meter.” — ^Although scaicely to be classed as 
a ‘ photometer,’* and probably better described as an “ lUummation 
gauge, the instrument shown in Fig. 232 is convenient for rough 
measurements of illumination where the use of a photometer is 
impossible or mconvement (3?) The lamp L illununates the under 
side of a long screen partly by direct hght and partly by reflection 



Foot - Gandies 

Fig 231 — ^Modified Form of 
Lumeter Screens and Window. 
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from a strip of mirror AT, which is tilted as required when the 
instrument is re-ad] usted from time to time. S' consists of a stnp of 
opaque white paper with a row of Bunsen spots in it Since the 
bnghtness of these spots decreases progressively from the end of 
the screen which is nearest to the lamp, any given illumination of 
the screen from above 
wiU cause one of the 
spots to match its sur- 
roundings in bnghtness, 
while all those on the 
right appear bnght, and 
those on the left appear 
dark. An empmoally 
graduated scale printed 
on the screen enables 
the illumination to be 
read directly in foot- 
candles The lamp is 
supphed with current 
from a dry battery, the 
rheostat R being turned 
until the correct indica- 
tion IS given by the volt- 
meter F. To extend the 
range of the instrument 
downwards, R may be 
increased until the volt- 
meter needle indicates a 
division marked 1/10. 

The candle-power of the 
lamp IS then one-tenth of its normal value, and the instrument 
therefore measures from 0 1 to 4 foot candles instead of from 1 to 
40, as when the fuU current is passing through the lamp (®®). An 
mstrument of this kmd can be used for makmg instantaneous 
measurements of a rapidly fluctuating lUummation (see p 186) 

Illumination Measurement by Physical Photometry. — Some of the 
types of physical photometers described in Chapter XI have been 
apphed to the measurement of illumination (®®) In particular, 
various kinds of hght-sensitive chemical papers have been used for 
measuring the dayhght lUununation in rooms (^°). The difficulties 
introduced by the special nature of the sensitivity curves of such 
instruments make this method valueless, however, except for obtain- 
ing either the relative values of illumination at different pomts in 
a room, or the fluctuations of illumination which take place at any 
particular point. In these cases the measurements are comparable 
so long as they refer to hght of identical spectral distnbution. It 
IS to be remarked, however, that the spectral distribution of dayhght 
IS very far from constant 

Precautions m the Use of niumination Photometers (^^). — Prom 
the descriptions of lUummation photometers which have been given 
in the preceding sections it will be noticed that almost without 
exception these mstruments depend on a more or less arbitrary 
scale for indicating the value of the illumination which is being 



\fertieal Seetioa oF jiart beW 5 


<j) OO O jp O o ^ OC^ OCj O P CjC| <j 0|0pp ppoo QO 0|3 C|0 poj 
I X 3 4-6 lo ig to A ‘40 






V 


I I tn. I 

Fig 232 — ^The Foot-oandle Meter 



366 


PHOTOMETRY 


measured Even m instruments of the Weber type, which nominally 
depend solely on the inverse square law, the distance at disposaj 
for the movement of the lamp is so restricted that, unless very great 
care is taken m the design and manufacture of such instruments, 
quite appreciable errors are likely to arise from the use of scales based 
absolutely on this law Even supposing this dififtculty overcome, the 
impossibility of securmg absolute symmetry on the two sides of the 
photometric device stifi makes the use of a substitution method 
indispensable, qmte apart from the impossibility of accommodating 
a standard lamp m the instrument 

It follows that an illumination photometer should be standardised 
before every period of use, either to ensure that the instrumental 
constant is as near umty as may be necessary in the work which is 
to be undertaken, or, faihng this, to determine the correct value of 
the constant so that a correction factor may be apphed to the 
instrument readings The latter scheme is inconvement, and pro- 
vision IS made m most modern illumination photometers for easy 
adjustment of the lamp to give a constant of unity Change of 
constant with lapse of time may be due to [a) reduction of reflection 
factor of the test surface due to dirt or discoloration , (6) ageing 
of the lamp mside the instrument , (6) change, due to dirt or other 
causes, in the transmission factor of glass plates or other devices 
through which any part of the hght has to pass ; (d) change in the 
voltage of the battery supplying current if the standard source is 
an electric lamp. Of these four causes, the first three may be assumed 
to take place progressively and at a comparatively slow rate , the 
fourth wiH be dealt with in detail later (^®). 

It IS necessary, then, to provide a known standard illumination 
with which to check the photometer before commencing work with 
it Qmte the most accurate means of domg this in a photometric 
laboratory is to mount a standard lamp on the photometer bench in 
the usual way (see p. 161), and to place the test surface of the 
photometer m such a position on the axis of the bench that it is 
normal to the mcident light, while its plane passes through the mark 
on the bench which mdicates that the illumination has the value 
at which a check reading of the instrument is desired, eg , 10 
metre-canefles or 1 foot-candle The instrument pointer is 
set to this reading, and the lamp adjustment is altered until a 
photometric balance is obtained. It is important that, in the 
case of an instrument with a detached test surface, the actual 
surface to be used m subsequent work should be used for the 
standardisation 

The process of cahbrating an instrument is carried out in a similar 
manner, except that the lamp adjustment is arranged to give a 
mini mum error over the greater part of the scale, or its more im- 
portant part, and the actual magnitude of the error at every part 
of the scale is then determined In photometers which include 
neutral filters or similar devices for extending the range of the 
instrument, the accurate determination of the transmission factors 
rf^th^e filters is mcluded as part of the cahbration of the instrument. 
This determmation may be earned out by checkmg the instrument 
carefully at a convement value of lUumination E, say, with no filter 
in use. The filter (of nominal transmission factor t) is then mserted 
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and the illumination of the standard surface is raised to Efr. The 
difference between the old and new readings of the instrument gives 
at once the error m t In portable instruments errors of scale 
reading amounting to + 2 to 3 per cent over the working parts of 
the scale are regarded as admissible, since this is within the accuracy 
aimed at in work earned out with these instruments. 

In cases where a photometer bench and sub-standard are not 
available for checking a portable photometer it is necessary to use 
some form of portable standard or ‘‘ cahbrator ” The apparatus 
designed for this purpose in connection with the Macbeth illumino- 
meter has been desenbed already (see p 347 and Eig. 224) In the 
case of the Sharp-MiUar photometer a short tube containing an aged 
and standardised lamp fits over the end of the transmitting test 
surface, and is registered in such a position that it jgives the latter a 
known definite illumination 

It is now necessary to consider the fourth of the sources of error 
in lUummation photometers which were enumerated above, viz , the 
alteration of battery voltage. An essential part of every illumination 
photometer (disregarding acuity and physical instruments) is its 
comparison lamp, and in all modem instruments this is an electric 
glow lamp supphed with current from a portable battery (^®). The 
requirement as to portabihty results m two practical difficulties of 
design and sources of error in use. The first of these, and the one 
more easily remedied, is the possibility of an imperfect contact 
somewhere m the electrical circuit. The great importance of this 
arises from the fact that a portable battery is essentially of a low 
voltage, one of 2 or 4 volts being employed m most cases The remedy 
is extremely simple All permanent contacts should be soldered, 
terminals making senn-permanent connection should have clean 
surfaces and should be screwed down as tightly as possible, and the 
lamp should have a screw cap and be firmly seated A screw cap 
sometimes exhibits a tendency to become loose m its socket after 
a short penod of use Its firmness should be ascertamed at frequent 
intervals In many mstruments, especially those of the most portable 
t 5 q)e, where the battery has to be as small as possible, a switch is 
provided in the lamp circuit so that the lamp is ahght only while 
the measurement is actually being made A press switch must be 
very firmly held during a reading and the contacts must be kept 
absolutely clean A knife switch, such as that used in the Trotter 
photometer, is much to be preferred A switch of more robust type, 
such as an ordinary tumbler, may be put in parallel with the press 
switch, for use when a large number of readings have to be taken in 
a short period. A small ammeter in the lamp circuit is useful for 
giving an immediate mdication of contact trouble, and in this 
respect it is preferable to a voltmeter (^®) A faulty contact will 
frequently manifest itself unmistakably by a flicker in the photo- 
meter field, or by sudden changes of reading quite outside the 
ordinary expenmental error 

The second source of trouble due to the portabihty of the battery 
is the gradual diminution of voltage as the battery is discharged. 
In some instruments no attempt is made to regulate the current, the 
lamp circuit being simply connected straight across the battery 
terminals. The instrument reading therefore depends on the 
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battery voltage, and wiU be m error by 4 per cent or more * for every 
1 per cent, of difference between the actual battery voltage and the 
voltage which was supphed to the instrument when it was being 
cahbrated. In the case of a lead accumulator of fairly large capacity 
and of suitable design, the voltage dunng discharge is very constant 
after the first half-hour, as shown by the discharge curve of Pig 233. 

42 

Celt "Rotuig 5 An^ Hi’s 


4 I 



39 _ 

01 2345678 

Hours Disctiargc at 0 4 Amps 
Fig 233 — ^Discharge Curve for a Lead Accumulator 

The capacity of the battery should, however, be such as to give a 
total period of discharge, with the current taken by the lamp, of at 
least twelve hours , t e , a 0 5-amp lamp requires a battery of at 
least 6 amp -hours capacity, while it should not be used for more 
than half this period, i e , the total time dunng which it is actually 
supplying current should not exceed six hours The prehmmary 
excess voltage after charging must be avoided by dischargmg the 
cell for at least half an hour at its normal rate before it is connected 
to the photometer. It should not be forgotten that accumulators 
become discharged gradually even when not used 

In accurate work an ammeter or voltmeter should always be used 
in the lamp circuit, so that the current may be regulated to the 
correct value (^'^). In the case of small lamps, such as are generally 
used m portable photometers, the rate of change of candle-power 
with current or voltage is higher than m the case of normal tungsten 
filament lamps , a change of 1 per cent m current may cause a 
change of as much as 10 to 11 per cent in candle-power For this 
reason the accuracy of setting is higher with a voltmeter than with 
an ammeter When a voltmeter is used, it should be so connected 
that it IS always in circuit when the lamp is ahght 

In some mstruments dry cells are used in place of accumulators 
The discharge curve for these is much less flat, so that frequent 
regulation of the lamp current is a necessity in such instruments (^®) 
Their freedom from the unpleasant consequences arising from the 
accidental spiUing of acid, apparently inevitable at some time or 
another when lead accumulators are used, give them, however, a 
considerable practical advantage 

An ingemous method of voltage regulation which has been 
suggested depends on the difference between the voltage/candle- 
power characteristics of a tungsten lamp and an under-run carbon 
lamp (see Fig 234) Provision is made for substitutmg for the 
standard surface in the photometer a surface illuminated by a 
combmation of an under-run carbon lamp with a blue filter This 

* The ordinary volt/o p oharaoteristic of tungsten lamps of normal tyj3e does not apply 
to very lo-n^ voltage lamps of the type used m portable photometers 
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lamp IS in parallel with, the tungsten comparison lamp, and the 
voltage of the two together is adjusted by means of a resistance 
until the correct value is obtained, as indicated by a brightness 
balance in the photometer. This device was originally suggested 
for the provision of a portable hght standard (®®). 

There is one source of error in illumination photometry which 
so far has not been considered, viz,, colour difference. When the 



Fio 234 — ^The Charaoteriatic Curves for Carbon and Tungsten Lamps 


comparison source is a metal filament glow lamp operating at or 
near its normal efficiency, little difficulty is generally expenenced 
due to colour difference when artificial illumination is being measured, 
except in the case of hghting by arc lamps or mercury vapour 
lamps Further, the accuracy aimed at is usually not so high 
as in the case of candle-power photometry, so that a small colour 
difference does not invalidate the results obtained. For dayhght 
measurements, however, the difference of colour is enormous, and it 
IS usual to employ a colour filter to obtam an approximate match 
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Since the transmission factor of this filter can be accurately deter- 
mined in the laboratory, all that is necessary is to multiply the 
readings of the mstmment by a correction factor when the filter is 
in use. Smce the transmission factor vanes with the colour of the 
light passmg through the filter (see p. 249), it follows that a blue 
filter should be inserted in front of the tungsten lamp, as the light 
given by this is of constant spectral distribution, while daylight is 
not. Unfortunately this reduces the bnghtness of the comparison 
surface, which is generally already at least as low as is desirable 
for accurate work, so that it has become customary to employ a 
yellow filter in the path of the hght coming from outside the instru- 
ment, and to ignore the variation of transmission factor as between, 
say, sunhght and the hght from a blue sky. 

The Method of Measuring Illumination. — ^Whatever be the instru- 
ment employed, the general principles of the method of making a 
measurement of the filumination at a point are the same Unless 
otherwise specified, it is usual to assume that the illumination 
measured is that of a horizontal surface at the pomt under considera- 
tion. The test surface must, therefore, be put as nearly as possible 
in the honzontal position. It generally happens that the greater 
part of the illumination is due to hght which is mcident at an angle 
of 45° or less, so that a tilt of 2° m any direction on the test surface 
does not introduce an error of more than per cent in the value 
assigned to the most obhque component When, however, this is 
not the case, and a considerable part of the hght is incident obliquely, 
more care must be exercised in the exact positioning of the surface 
With a little care it is usually possible to adjust the level of the 
surface to within 2° by eye. A self-leveUmg device has been described 
by W P. Little (®®) Occasionally it is of more importance to know 
the illumination of a vertical or a slopmg surface {e,g , the wall of a 
picture gaUery, the desk of a hbrary, etc ), and in such cases the 
position of the test surface should always be specified, i e , its angle 
of slope and the direction of its normal. 

Frequently the exact position of the surface is determined by the 
nature of the illumination problem under mvestigation For 
example, the bed of a lathe, the plate of a sewing machine, the 
surface of a desk, etc , define the points where illummation is needed 
and where it must be measured. When this is not the case, however, 
and the lUummation is treated generally, the test surface is placed 
at some defimte height above floor level agreed upon as the height 
of the “ working plane ” It is regrettable that this height has not 
been the subject of more general agreement Ordinary table 
height IS about 2 feet 6 inches, but a very usual height for the working 
plane on the Continent, and a very convement height for work which 
IS earned on while standing, is the 1-metre level Sometimes the 
floor level is taken when there is no obstruction from objects in the 
room The av&rage illumination is, clearly, the same whatever be 
the height of the plane (below the level of the lamps), except for the 
small amount of light absorbed by the extra strip of waU, but the 
d^tnhution of the light may be very different, especially when the 
light sources are low 

When the test surface has been placed in position, the observer 
and photometer must be arranged so that {a) the surface fills the 



Fig 236 — The Method of Measuring Illumination 


[To face p 360 






ILLUMINATION PHOTOMETRY 


361 


field of view of the instrument, (6) the angle at which the surface is 
viewed is not too oblique (see p 346)^ and (c) no shadows are cast 
on the surface by either the observer or the instrument The import- 
ance of these requirements has been dealt with at length in an earher 
part of this chapter Generally speaking, the angle which the hne 
of view makes with the normal to the test surface should not 
exceed 20° to 30°. In the Trotter photometer special provision is 
made for ensurmg that this condition is comphed with The test 
surface F (Fig 226, p 350) has a single slot, while the tiltmg surface 
G has two small black pomters, one on each side, in the hne of the 
shaft on which it turns The two surfaces F and G are so arranged 
that, when the angle of view is 20°, by moving the head a httle 
sideways one of these pointers may be seen occupying each end of 
the slot as shown in Kg. 226. With most instruments having an 
attached test surface the difficulty does not arise. The third 
of the requirements mentioned above, v%z , avoidance of shadow 
cast by observer or photometer, is difficult of fulfilment with some 
instruments, but it is nevertheless of considerable importance, 
especially in the case of an illumination by diffused hght, or when 
the number of sources contributing to the lUummation is large, so 
that hght reaches the test surface from aU directions In the case 
of the Sharp-Miliar photometer, the test surface is above the level of 
the observer and the remamder of the instrument With mstruments 
employmg a reflectmg test surface the best that can be done is 
to remove the photometer and the obiperver to as great a distance as 
possible from the test surface while still fulfilhng requirement {a) 
above The sohd angle obstructed is then as small as possible 
Judicious choice of position, when some sources do not contribute 
much to the total filumination, will also assist materially in reducmg 
errors arismg from this cause. 

There is one special problem in illumination measurement which 
IB of sufficient importance to need separate notice This is the 
measurement of street illummation It is a question long debated 
whether the filummation of a vertical or a horizontal surface is the 
more important, and therefore a fairer criterion of the efficiency of 
any system of street hghtmg (^®) This is a question of illummation 
engmeermg, the discussion of which hes outside the scope of this 
book, but as the balance of opimon seems to he rather m favour of 
the horizontal position, it is necessary to point out that m this 
case the light is frequently mcident on the test surface very obliquely, 
so that an error of as httle as 1° m the level of the card may produce 
a marked maccuracy m the results, while lack of perfect diffusion 
m the test surface becomes very important. For this reason the 
illummation of the horizontal plane is frequently obtamed by calcula- 
tion from measurements of direct illummation The test surface is 
tilted so that the only light it receives is that which reaches it 
normally from one of the sources contributmg to the illumination 
at the pomt in question The direct illumination thus measured is 
multiplied by the cosme of the angle which the hght makes with the 
vertical, and the illummation of the horizontal surface due to this 
smgle source is thus obtamed The total illummation is found by 
summing the components thus measured for each of the different 
sources contributmg to the illummation at the pomt of observation. 



362 


PHOTOMETRY 


A special form of test surface, designed to weight equally the light 
received from all directions, has been described 

The Distribution of Illumination. — ^The method of calculating the 
lUummation at difiEerent pomts on a given plane (e g , the working 
plane m a room or workshop, the road surface in a street, etc ) due 
to the direct hght received from a number of sources of known 
candle-power distnbution, and placed m known positions with 
respect to the plane, has already been described (see p 97) 

The carrying out of such calculations and the corrections to be 
made to the results on account of light reflected from surroundmg 
objects — ^particularly the walls and ceiling m the case of a room — 
or on account of the interposition of obstructions, is the function of 
the lUummation engmeer, to whom belongs also the duty of designing 
mstaUations on the data provided for him by the photometer For 
a description of the details which have to be considered m the design 
of a lighting mstaUation, such as the lUummation intensity required 
for a particular process, the use of shades and reflectors to avoid 
glare, the performance of the hght sources commerciaUy available, 
etc , reference must be made to some book dealmg with lUummation 
engmeermg, several of which are named m the bibliography at the 
end of this chapter 

In an actual mstaUation the distribution of lUummation can be 
determined experimentaUy by means of measurements with an 
lUummation photometer at as many points as may be desired on 
the working plane These measurements mclude the effect of 
the reflected hght above referred to, and if they are plotted on a 
plan of the area imder mvestigation the pomts of equal lUumination 

Rue d'Antin R St Augustin 
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Pig 236 — Iso-lux Curves for the Avenue de TOp^ra (Pans) Figures indicate 

metre-candles 

can be joined by curves, so that an iso-lux diagram is obtained 
(see Fig 236) (®®) 

Although either an lUummation curve or an iso-lux diagram 
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(see p 98) may be used to obtain a mental conception of the effect 
of a given system of light sources of known distribution, it is, never- 
theless, desirable to have some definite figure by which the lUumma- 
tion performance of two hghting systems may be compared This is 
analogous to the comparison of the light -giving power of two sources 
m terms of their total lummous flux, instead of by the more detailed 
but comparatively cumbrous polar diagrams. 

The Average Illamination. — ^Various suggestions have been made 
for a basis of comparison of different lUummation systems On the 
whole the average illumination, or, what is eqmvalent to it, the 
average flux per unit area (generally expressed m lumens per square 
metre or per square foot), has been most generally adopted for indoor 
lUummation This means that for a direct lightmg system, where 
the reflection from waUs and ceihng can be neglected to the approxi- 
mation desired, the average lUummation in metre-candles is equal 
to the total mean lower hemispherical candle-powers of aU the sources 
in the room, multiplied by 27r and divided by the area of the room 
m square metres (®®) In systems where the reflected Ught is con- 
siderable, the ratio of the total flux reaching the workmg plane to 
the total flux given by the sources is termed the “ utilisation factor ” 
or “ coefficient of utihsation ” of the mstaUation (®i) Thus the 
average lUummation is equal to uFJA, where u is the utilisation 
factor, F the total flux from the sources, and A the area of the 
workmg plane. 

The Variation Factor. — The description of a system by the average 
iUummation gives no mdication of the distribution of iUummation 
over the room If there be only a few sources of high candle-power, 
the lUummation may be concentrated m the regions underneath a 
source, leavmg the other parts of the room m comparative darkness 
For this reason a second figure of merit, givmg the ratio of maximum 
to mmimum iUummation m the useful area of the room, has been 
proposed as an addition to the average iUummation This figure is 
termed the ‘‘ variation range ” * 

Trotter’s “ Characteristic Curve.” — ^Another method of de- 
scribmg an iUummation system has been caUed by Trotter (®^) a 
characteristic curve This is a curve having for its abscissae areas, 
and for ordinates the values of the mmimum iUummation over those 
areas Thus, referrmg to the Ulummation diagram shown m Fig 46 
(p. 97), it wiU be seen that the iUummation at aU pomts withm a 
circular area of radius 6 metres equals or exceeds 2 1 metre-candles 
The area of this circle is 78-6 square metres, and therefore the 
pomt (78 5, 2 1) is a pomt on the characteristic curve which is 
shown m Fig. 237 Since the abscissae of this curve represent areas, 
the mean ordmate of this diagram, as far as any given ordmate, is 
equal to the average iUummation over the circle havmg an area 
represented by the correspondmg abscissa Thus the average lUu- 
mination over a circle 250 sq metres m area is equal to the mean 
ordmate of the curve to the left of BG, ^ e , to 1 68 metre-candles 

The Measurement of Diffusion. — It is sometimes of importance m 

* Oooaaionally “ diversity factor ” The ratio of the maximum (or the mmimum) 
illumination to the average illumination is termed the “ variation factor ’* See Ileport 
of Committee on Nomenclature, Ilium Eng Soo N Y , Trans , 13, 1918 , p 617 , C I E , 
Proc , 6, 1024, p 178 
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practical lighting problems to know how much of the total light 
which reaches a certain point m a room is “ direct,” i e , received 
from the source without reflection from the walls or ceiling, and how 
much is “ diffused ” This can be determmed by placing a small 
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iFio 237 — ^The “ Oharaoterietio Ourve ” of Illumination 

opaque screen at a short distance from the point, and in such a 
position that the umbral part of its shadow, cast by the light source 
lUummatmg the pomt, completely covers the test surface of an 
illumination photometer placed at the pomt H be tho total 
illumination, and W the illumination when the surface is screened 
from the direct light, the fraction 100(^ — W)\E may be termed 
the percentage of “ direct ” illummation, and 100 WIE tho percentage 
of ‘‘ (bffused ” or “ indirect ” illumination If more than one source 
contribute to the illummation at the point, a measurement must bo 
made with each source screened m turn. The direct component is 
then S(JF — ^'), and the diffused component E — 'Ti{E — E^) 

A special piece of apparatus has been designed as an auxiliary 
to an illummation photometer for the purpose of making measure- 
ments of this kind (®®). 

The Measurement of Daylight. — While the artificial lighting of 
an area may be described quite defimtely by measurements of the 
illummation at various positions withm that area, since the sources 
of the ili um 1 n ation are, within practical limits, xmder control and 
constant from hour to hour, in the case of natural lighting tho 
conditions are altogether different Owmg, no doubt, to tlie 
wonderful ease with which the eye can adapt itself to quite large 
changes of brightness without any conscious effort, it is seldom 
realised how large and how rapid are the fluctuations which occur 
under ordmary conditions of daylight illummation. Large variations, 
such as those which have to be allowed for by the photographer’ 
are perceived when the attention is specially directed to them, but 
m the majority of cases the degree of illumination is so much above 
the minimum required for comfortable vision that variations of 
26 per cent or less are qmte unnoticed It is only at dusk, when the 
lower limit of comfort is approached, that differences of this order 
become apparent 238 shows the dayhght Summation of a 

horizontal surface m the open as actually measured on two typical 
equinoctial days, direct sunhght being shielded from the test 
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surface (®^). It will be seen that in the upper curve variations of 
26 per cent occurred within a period of five minutes, and yet to 
any one relying solely upon the eye for measurement the filumination 
appeared to be quite constant 

It is clear that the dayhght illummation at any point, indoors 
as weU as out of doors, depends entirely on the bnghtness of that 
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Fig 238 — Tho Fluctuation of Daylight Illumination 


part of the sky from which the point in question receives its hght 
Hence it follows that a measurement of the dayhght filummation 
m a room, taken at any particular instant, is quite destitute of any 
permanent value unless related to the brightness of the sky at the 
same mstant. 

Daylight Factor SiU Ratio. — Several different methods have been 
used for expressing the relation between the dayhght filummation 
at any point and the simultaneous value of the sky brightness, 
dependmg upon whether the basis of comparison taken is the average 
brightness of the whole sky or the brightness of that particular region 
which IS most effective m illummating the pomt considered 

In the former case the illumination of a horizontal surface at the 
pomt m question is expressed as a fraction of the simultaneous 
filummation of a horizontal surface placed m the open with a com- 
pletely unobstructed horizon (®®). This fraction (usually written 
as a percentage) is termed the “ daylight factor ” for the pomt, or 
sometimes the “ window efficiency ’’ (®®) 

It will be clear from what has been said m Chapter IV (p 102) 
that the illummation of a surface exposed to a complete hemisphere 
of sky is equal to ttR if the sky be of uniform brightness B (®’). If, 
however, tjhie sky be not uniform in brightness, the filummation will 
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have an average value m which the sky bnghtness in the neighbour- 
hood of the zemth is heavily weighted * 

In order to measure the lUummation of the open surface some 
position with an unobstructed honzon is necessary Sometimes 
the roof of the buildmg m which the mdoor measurements are being 
made is found to be suitable, but it is not infrequently difficult to 
obtam easy access to a spot which has an adequately unobstructed 
view of the whole sky Fortunately, as has been said above, the 
horizon contributes least to the total illummation, and for a uniform 
sky the percentage reduction due to obstructions on the horizon 
havmg an angular height 6 is easily found to be 50(1 — cos 20), f 

which, as shown in Fig 
50 239, IS less than 7 per 

/ cent, so long as d does 
45 / not exceed 15°. In cases 

/ where a sufficiently open 

I J position cannot be found, 

/ the best that can be done 

^ / IS to use the briglitness 

J “ / ^ of the sky at the zenith 

j mstead of the average 

^30 ! brightness of the whole 

I / sky Tins may conve- 

g 2 s / niently be done by means 

^ - y of a tubular attachment 

"fe / devised by A P Trot- 

I / ter (®®), and shown m 

I / section in Pig. 240 The 

J'® / tubeiT, whichis 

^ / blackened inside, is 

^ io __ placed over the test sur- 

I / face P It has a side 

J 5 y tube E, through which 

^ the surface is observed 

^1 and its brightness 

0 5 10 15 2 0 25 30 35 40 45 measuxed The upper 

Aiujiilap 'Elcuation of Obsh uchona (Decrees) end of T bears an opaquc 

Fig 239 — The Effect of Ohstruotions on the diaphragm A., the 

Honzon Opening of which is 

calculated, m relation 
to its height from the surface, to give the latter a brightness 
which is some definite fraction of the brightness it would have if 

* It can ea^y be shown, for example, that if the sky be of brightness B cos B wliore 6 
IS the an^ar ^stance from the zemth, then, while the true average brightness of the 
sky IS BI2, the lUuimnation of the horizontal surface is 7r{25/3) For the average brightness 

eqLuals (see Fig 49, p 100) (llZirr^) [ 5 oos (9 2^ sin 6 rdd, while the illummation of the 
m Jo 

pTr/Z 

surface is {B cos 0/r*) oos B 27rr am ^ rdd 

j-O . p7r/2 

t 100 1 am cos I sm ^ . cos 6 d6 See, fi^, J. Rheinauer, “ Griindzilge d 
Photometric ” (Halle, 1862), p 16. 
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exposed to a complete hemisphere of sky of the same brightness as 
that of the actual sky above the diaphragm. Assuming a sky 
brightness B, the illummation of the open surface is, as has been said, 
ttB, while if the area of the diaphragm be a and its distance from 
the surface A, the illummation of the covered surface is aBjh^, so that 
the fraction m this case is ajirh^. If the aperture be round and of 
radius r, the fraction is clearly It is 

important to ensure that no hght shall be 
admitted at E when the measurements are 
bemg made A dayh’ght attachment ” 
embodying this prmciple has been designed 
for use with several of the portable photo- 
meters above described In these the tube 
IS rigidly attached to the mstrument, so 
that no stray hght can be admitted. Dia- 
phragms of various sizes for use under 
different conditions of sky brightness are 
provided 

Although the direction m which the 
daylight attachment is pointed makes no 
difference when the sky is uniformly bright, 
under practical conditions, smce the zenith 
brightness is the most heavily weighted in 
the average givmg the illummation of an 
open surface, it is best to use some part of 
the zenith sky for the measurement, so 
that as close an approximation as possible 
to open surface measurements may be 
obtamed The variation of sky brightness 
on a sunny day with a blue sky and white cumuh may be strikingly 
seen m the Trotter day hght attachment, the brightness of the test 
surface suddenly moreasmg by perhaps 100 per cent as a white 
cloud moves across the zemth 

The rapidity with which the sky brightness is liable to change 
makes it necessary to ensure that the indoor and outdoor measure- 
ments are made as nearly as possible at the same mstant This can 
be achieved fairly simply by arrangmg that the outdoor measure- 
ments shall be made every minute, while the indoor measurements 
are made only at exact mmutes If the two observers synchromse 
watches before starting work, and each notes the times agamst his 
observations, a subsequent comparison of the two records enables 
each of the mdoor values to be expressed m terms of the outdoor 
value taken at as nearly as possible the same mstant. 

Although the method of expressing dayhght factor on the basis 
of the average sky brightness possesses some advantages, the non- 
uniformity of the sky brightness on most days (®®) mtroduces a 
considerable element of uncertamty mto the values thus obtamed, 
and probably the most convement method of expressmg the dayhght 
illummation at any pomt in a buildmg is by reference to the 
simultaneous brightness of that part of the sky which is most effective 
m lUummating the pomt considered When part of the sky is visible 
from the pomt, there is no doubt as to the region in which the sky 
brightness is to be measured In other cases this region may be 
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Fig 240 — ^The Trotter 
Daylight Attachment 
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taken as that which illuminates the lightest and moht 
surface visible from the pomt where the duyliglit fact nr is ht'i 
determmed 

When this system or method of expressing daylight factoi-s 
adopted, the factor is the ratio of the indoor illumination to t 
lUummation of an imaginary horizontal surface rcci“iviiig light ff< 
a complete hemisphere (or quartersphere) of sky having a umfoi 
brightness equal to the brightness of the particular jiart of the ''1 
measured. It follows that if this latter brightness hi* B, whili* t 
indoor illumination is S, the daylight factor is JBjiTB or i/ir’/V 
aocordmg as the hemisphere or quaitersphere is used. Tlub liitt 
form of the factor is termed the “ sill ratio,” since a surfaei* phict 
on the siU of an unobstructed window receives light from a quart* 
sphere of sky. 

With some portable photometers, jiarticularly tlitw*' having 
detached test surface, it is quite convenient to make a meusureinoi 
of the lUummation E at the point considered, and then to diri'ct 1 1 
photometer towards the visible patch of sky and make a seemi 
measurement E„ regardmg the sky as a tost surfai-e. If Hit* trun 
mission factor of the wmdow through which tho measurement is nun 
be T, while the reflection factor of the photometer test surface in f 
the dayhght factor (siU ratio) is clearly 2rEjpE,. 

Several very convenient instruments, called “rtdativtt 
meters ” (™), have been designed for enabling tlie dayligjit facti 

to be obtained dirt*ftl 
without till* necessity fii 
using any au.viliury Iigh 
source such as is re(iuiri*i 
with an ordinary jiortu lit 
photometer. 

In tho Thorn**!’ nisi ni 
nient (Fig 241) tJa* It*ii* 
L forms at C an iiimg;* 
of tlio portion of sk.v 
visible through tlu* wiii 
dow towards wliieh lit* 
mirror is directiMl. 'I’lu 
brightn(*SH of tliis iniug;< 
is varied, by means of n 
diaphragm over L, until 
it matolies the portion of 
tlie standard surface se**ii 
through tlie ap**rturo m ( ’. 
Weber’s relative jihot*!- 
meter (Pig 242) is sinnliir 
111 principle. 

A simple mstriinieni 
of this kind, tlie “ hemenv- 
The light metal tube 
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Fig 241.— Thorner’a Illumination Teeter 


photometer, is shown m Pig. 243 (^i) ine light metal tube 7' is 

diaphragms to oliiumate Ntra^’ 

through the aperture m the ms diaphragm I and illuminates the- 
opaque matt white disc 2). This disc has an aperture A, tho edges Of 
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which are sharply beveUed, and the eye at F views a detached test 
surface through A, This detached test surface is placed at the point 


A, 

■\- 


To ICUndoLu 

v^iai7ic in 

UiajDlvragtn."^ 1 IT 

I V 

Xv 

^ Compi 



lOi-'tson 
Surface 


Direction 
of Vieio 



Fia, 242 — Weber’s Relative Photometer 

for which the daylight factor is to be measured, and photometric 
balance between the brightness of this surface and that of the disc D 



Fig 243 — ^The Hemeraphotometer 


seen surrounding it is achieved by varying the apert^e of I. P is a 
lever for effecting this variation, and carries a pointer by means ot 

® B B 



370 


PHOTOMETRY 


which the daylight factor can be read directly on a preTiouslj 
cahbrated scale. If D and the detached test surface be of the same 
material, there is no correction for the reflection factor of the surface 
but the correction for transmission of the wmdow must still be 
made. 

J Classen has used a system of mirrors by means of which it le 
possible to measure the illumination at any pomt in a room in terme 
of the ill umin ation of some other arbitrarily chosen pomt ^ 
measurement of this kmd sometimes gives useful information as tc 
the distribution of hght m a room, but the same information can be 
obtained from values of the daylight factor measured m the manner 
desenbed above 

The Calculation of Daylight Factor. — ^The daylight factor at a 
given point m a buildmg may be calculated with considerable 
accuracy by regardmg the area of sky directly visible from the pomt 
m question as a diffusmg surface of uniform brightness R, and 
calculatmg the illummation at the pomt due to this surface If this 
lUummation be E, the dayhght factor (siU ratio) is, as has been said, 
2EIttB When the patch of sky is of some regular shape, e g , circular 
or rectangular, the value of E may be calculated from one of the 
formulae given m Chapter IV (p 106) (’3) In general, however, 
the shape of the visible sky is quite irregular, and recourse must then 
be had either to approximate formulae or to some graphical method 

In Pleier’s formula C^^) the hght from the patch of sky is treated 
as if it all came from a pomt m the centre of the patch, and the 
results are therefore somewhat inaccurate if the patch be large A 
theoretically correct graphical solution has been given by P J and 
J. M Waldram (’®) The outlme of the patch of sky visible from a 
point IS traced on the diagram shown m Fig. 244, m which the 
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Fig 244 — ^Waldrarn’e Daylight Factor Diagram. 


abscissas are angles of azimuth ^ (from any convenient zero direction) 
and the ordmates are proportional to (1 — cos 29), where 6 is the 
angle of altitude from the horizontal If P (Fig 246) be an element 
of sky whose angles of azimuth and altitude are i and 9 respectively, 
the illummation of a horizontal surface at 0 is ^ sm 9 .89 .8^ cos 9, 
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Hence the whole illumination is 


J -Bjjsm 20 . 8(^80, which, on putting 


in the limits, becomes 

jS . S(^ . (1 — cos 20) 

Thus the area of the patch of sky as 
plotted on the diagram is equal to the 
dayhght factor, on the scale to which the 
area of the whole diagram, <^ = — 90° to 
+ 90° and 0 = 0° to 90°, is unity * 

If the element of surface at the pomt 
considered be vertical mstead of hori- 
zontal, ^ must be measured from the 
normal to the surface, and the lengths 
of absciss 80 and ordinates are propor- 
tional respectively to (^<f> -\-i sui 2^^ 

and ^0 + -I sin 20^ 
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simultaneously (Add to (21) supra ) 



CHAPTER Xin 


MEASUREMENT OF BRIGHTNESS AND OF REFLECTION 
AND TRANSMISSION FACTORS 

ReETiEOTION 

The Measurement o! Reflection Factors. — has already been 
minted out m Chapter IV (p 114) that the light reflected from a 
rface varies in its distribution according to (a) the direction of the 
cident light, and (6) the character of the surface The variation 
reflection factor with the spectral distribution of the mcident 
;ht for all but perfectly white or grey surfaces was also considered 
.111) It thus follows that for a measurement of reflection factor 
be of value it must be made with hght of a certam colour, and the 
rection of the mcident hght as well as the direction of the reflected 
;ht considered must be specified Further, m the case of a surface 
r which any appreciable part of the light reflected m the direction 
)nsidered is specularly reflected, the proportion of specularly to 
ffusely reflected hght will depend on the distance and brightness 
the source (^) 

When Imowledge of the distribution of the reflected hght, or of the 
, flection factor m some particular direction, is specially desired, it 
measured directly by an obvious adaptation of ordmary photo - 
letric procedure (2) The apparatus may be set up as shown m 
Ian in Fig 246, S is the surface under mvestigation, fixed at one 




— X 




Fia 24G — The Measurement of Reflection Factor m a Single Direction 


nd of a photometer bench It is illuminated by a lamp Ls, which 
3 carried on a radial arm capable of rotation through any desired 
ngle about a vertical axis through S The brightness of S is 
neasured by means of a photometer P and comparison lamp Lq 
Che surface must be quite flat and its area A, as well as the candle- 
)ower of must be Imown exactly if absolute values of p are required 
f t be the angle which the mcident hght makes with the normal to 
,he surface, while the (fixed) angle of aspect is e, the lUummation 
)f S is {Is cos %)ld^ The brightness m the direction e is therefore 
pJs cos i)l'iTd^ candles per unit area, and its candle-power m the 
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direction SP is A cos e {pJs cos Since all the other quantities 

are known, p. can be found It is to be noticed that in aU cases, and 
especially if either € or i be great, Ig must be large, or the candle- 
power of the surface wiU be too small and the photometer cannot 
be kept at a desirable distance from S Eor instance, if 5 be 10 cm 
square, the distance of the photometer from it must be at least 
60 cm (for an accuracy of 1 per cent ), and the bnghtness of 8 
should therefore be at least 250 candles per sq. metre Lg may 
therefore be a 1,000 c p lamp placed at about 1 metre from 8. 

The above arrangement gives values of p^ for different values 
of e being in the plane of the mcident hght For measurements 
with i constant and e variable the surface must turn with the radial 
arm which carries Lg Measurements wnth % and e m different planes 
can be made by raismg or lowermg Lg (®). 

A very convenient method of obtainmg approximate values of 
p at various angles of aspect, both in the plane of incidence and m 
other planes, is that m which the reflectmg surface is used as the 
test surface of a portable lUummation photometer, such as the 
lumeter or luxometer (see p 361) (^) Any convenient method may 
be used for positioning the mstrument at known values of e. The 
relative values thus obtamed may be converted to absolute values 
by comparison with some standard surface for which p is laiown, 
or alternatively by a measurement of the absolute value of p m some 
one convement position by means of the more accurate method first 
described 

The results obtamed m this way for directions in a smgle plane 
may be expressed m the form of curves such as those of Fig 218, 
p 342 For directions m more than one plane a solid diagram is 
necessary (®) or an iso-candle diagram (see p. 89) may be used 

Diffuse Reflection Factor . The Reflectometer. — It frequently 
happens that the value of p for a surface at any smgle value of e 
and ^ is of less importance than the value of the diffuse reflection 
factor, Le , the ratio of the whole flux reflected by the surface m all 
directions to that mcident at the surface when the iUummation is 
perfectly diffused, ^ e , when the flux density is the same m all 
directions (®). The advantage of this is that a smgle figure may be 
used to give the performance of the surface as regards reflection 
under conditions of measurement which are perfectly defined 
Several forms of apparatus have been devised to measure the diffuse 
reflection factor of a surface, either absolutely or in terms of some 
standard surface C^), but large errors are hable to occur m the 
measurements unless the conditions under which the mstrument 
works are such as to give (i.) as perfect diffusion as possible for the 
mcident hght, and (u.) a correct measurement of the total flux 
reflected by the surface 

The most satisfactory form of diffuse reflectometer depends on 
the principle of the integratmg sphere, which may be adapted to the 
measurement of diffuse reflection factors in several different ways (®). 
In some of these it is necessary to use some readily reproducible 
surface of already known reflection factor (such as magnesium 
carbonate) as a standard of comparison Other methods give the 
absolute reflection factor directly. The theory of several of these 
methods has been given by A H. Taylor (®). In the first the sphere 
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has a circtilar portion of its surface cut away as shown in Pig. 247, 
which gives an elevation m two perpendicular planes. A tube T 
containing a lamp and lens, and fitted with opaque diaphragms, 
projects an mtense patch of hght on the sphere at P. B is the 
observing wmdow of the sphere 

The area of the sphere opening in relation to the total area of the 
sphere must be exactly known. This fraction (a) may conveniently 



Fig 247 — ^The Measuremeut of I)i 5 ufle B<eflection Factor 

be about 0-1 From measurements of the sphere brightness at B 
when (i ) DE is uncovered (6o), (u ) DE is covered with a surface 
of the same reflection factor as that of the sphere surface (6), and 
(m ) DE IS covered with the surface under measurement (6p), it is 
possible to calculate p For, m the first case, the flux escapmg 
through DE is made up of two parts • (i.) that directly reflected 
from the lummous patch at P, and (u ) that reflected, from the 
illuminated walls of the sphere This flux, added to that absorbed 
(m ) by the walls of the sphere and (iv ) by the walls at P, must 
be equal to the total flux received from the lamp (P), so that 

ap^F + aV6o + a,(l — a)7r&o/pa + == F 

where ps and are respectively the reflection and absorption factors 
of the sphere surface (so that + d, = 1) and a' is the area of the 
(plane) circle at DE expressed as a fraction of the area of the surface 
of the sphere.* 

This equation gives 

6o = p,^F{l — a)liT{p,a' + a,(l — a)}. 

In the third measurement, DE is covered by a surface of reflection 
factor p, so that the flux lost at DE is reduced in the ratio (1 — p) 1. 
Hence, since the brightness is now 6p, 

(1 — p)(ap8F -f- a' jrbp) -|- a,{l — a)nbplps + a«P = F 

* (i ) The total flux from P is and is equally distributed o\er the surface of the 
sphere (see p 206) (n ) If the brightness of the sphere is b^, the flux received DE is 
thus TT^o multiph^ by the area of I)E relative to the sphere (in ) Since the bnghtness 
IS the flux enutted per unit area is and the flux received 10, therefore, irbjpg. 
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and 

6p = -ci)+ ap]/7T[a'ps{l - p) + (1 “ a)ocs} 

Similarly, in the second measurement, when DE is covered by a 
surface of reflection factor pg, 

(1 — pa)(G&pfi-P + o>''TTb) + a^(l — a)7Tbjpg + ^ 

and 

6 = pg^F { (1 — Cb) ~]r‘ p# “h (1 ^) } 

Thus 6/io IS a function only of a and a\ which are known from 
dimensions, and of pgy which can therefore be calculated. This 
done, 6p/6o gives the required value of p 

A rather more sensitive method is to project the patch of hght 
on to the surface at DE mstead of on to the sphere wall at P. If 
the value of p^ be known by the first method, it is easy to show that 
the brightness at B when a surface of reflection factor p is placed 
at DE IS proportional to pps/{(l — + a'p, a| For the total 

flux F IS absorbed (i ) olF directly at DE , (ii ) (1 — a)a,(7r&/pj) on 
the surface (1 — a) of the sphere, which has a brightness h and 
therefore receives TTb/ps lumens per unit area , (iii ) a'ccrrh at DE, 
smce this surface, of area a\ receives Trb lumens per unit area by 
reflection from the sphere of brightness b So that 
CX.F + (I — a)(x,g7Tblpa + cl' oLTrb = F, 

Thus TTb/F IS a function of a, a! , oLg, ps ^^nd a If, then, aU except a 
be known, by placmg different surfaces m turn at DE it is possible 
to find the reflection factor of any of them if one is loiown A thick 
piece of depolished opal glass forms a convenient standard surface 
for use in this way A shght modification of the foregomg methods 
leads to the simple portable mstrument shown m Fig 248 (i°) The 
tube T IS movable, so that the beam of hght from L may be projected 
on to either the test plate at A or a portion of the sphere waU at B 
The part of the sphere wall at 0 is screened from A, so that it cannot 
receive hght directly from the test surface when the latter is 
fllummated by the beam of hght The reflection factor of the test 
surface is the ratio of the brightness of G when A is illuminated by 
the beam to the brightness of C when B is thus illuminated, for 
in the first case, if J? be the lummous flux m the beam, the surface 
acts just like a source of pF lumens placed m the sphere, and since 
C IS screened from A its lUummation is that of a sphere window 
under these conditions When B is illummated, however, the con- 
ditions are those which exist when a source of F lumens is placed 
m the sphere, for G, being unscreened from B, is illuminated equally 
with the remainder of the sphere waU 

It wiU be noticed that m this mstrument perfect diffusion is 
assumed for the sphere waUs, but the manner in which the hght is 
reflected from the test surface is immaterial On the other hand, the 
beam of hght is not such as even to approximate conditions of 
perfectly diffuse lUummation, and the values of p found may be m 
error on this account A method m which the fllummation is 
perfectly diffused has been described but in this the brightness 
of the surface is measured in a smgle direction, so that unless the 
test surface be a perfect diffuser the values obtained may be in 
error 
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The Measurement of Specular Reflection. — ^The reflection factor 
of a mirror may be simply measured by the method mdicated on 
p 199 The candle-power of a source is measured (a) directly and 
(6) by reflection m the mirror, the distance of the source from the 



photometer being that actually traversed by the hght Smce 
the reflection factor of a good silvered mirror is between 80 and 
90 per cent , it is convenient to use several pieces so that the hght 
suffers more than one reflection The reflection factor is then 
yjy/af/I, where lu is the apparent candle-power of the source after 
n reflections In the case of a glass mirror the value of p thus 
found IS that of the mirror as a whole, t e , the hght reflected from 
the front surface of the glass is included with that reflected by the 
metal Smce the reflection factor varies slightly with the angle 
of mcidence of the hght, this angle should always be stated with a 
value of reflection factor For an angle of about 46° the arrange- 
ment shown in plan in Fig 249 is convement For most silvered 
mirrors of good (juahty the variation of reflection factor with the 
colour of the hght is almost neghgible 

The Reflection Factor of Semi-Matt Surfaces. — ^While it is true 
that the diffuse reflection factor is the most generally useful figure 
for expressmg the reflectmg power of matt or semi-matt surfaces, 
it IS nevertheless desirable for certam purposes to obtam a rough 
measure of the proportion of light regularly reflected within a certam 
solid angle A rigorous measurement is clearly impossible m this 
case, smce it is found that hght is “ regularly ” reflected m directions 
appreciably mchned the direction of specular reflection. The 
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measuiement may, however, be made with an mstrument of specified 
design, such as the “ glarimeter » (i«). and the values obtained 
although arbitrary, are comparable with one another and are useiul 
for such purposes as the control of the calendermg process in paper, 
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Fia 249 — ^The Measurement of Speoular Reflection Factor 



the description of the surface finish m paints or enamels, etc. The 
mstrument, which is shown in vertical section in Fig. 250, depends 
on the experimental fact that the regularly refl.ected hght is almost 
completely polansed in the plane of incidence, while that diffusely 
reflected is unpolarised (^'^) Light from a source subtending a 
certam small sohd angle (actually 0*038 steradian) illuminates the 




Fig 260 — The Glarimeter. 

surface under measurement at the light being mcident at an 
angle of about 57*5° The Wollaston prism W (see p. 30) gives a 
double image of the sht and is so set that the specularly reflected, 
light is completely extmguished m one image The Nicol N is 
rotated until the two images are of equal brightness In this case^ 
if A be the angle of rotation of the Nicol, while D and S are tho 
mtensities of the diffuse and speoular components, \Dj(^D + aS) == 
tan^ A, or ^/(i) + aS) = cos 2A, % e , the fraction of the whole hght 
which IS regularly reflected is equal to cos 2A. 

An instrument which does not depend on polarisation is that 
shown m Fig 251. The lamp L can be moved, by means of a handle 
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carrying a pointer, between the mirrors In the bottom of 

the box 18 an aperture under which is placed the specimen to be 
measured The lower part of the box is divided mto two by a thm 
diaphragm placed parallel to 


I 


1 

..5a 




the plane of the paper, and so o . lOems. 

arranged that half the speci- 
men is ilium mated by light 
from and the other haM 
by light from The speci- 
men IS viewed either from Ei 
or E^, where are placed small 
double prisms of the form 
shown in plan at the bottom 
of the figure. By this means 
the two parts of the specimen 
are seen m juxtaposition The 
position of L IS altered until Pio 
the brightness (jB.) of the half 
of the specimen seen by hght reflected m the direction of specular 
reflection is equal to the brightness of the half seen from the 
direction of the mcident light The mstrument is scaled to give 
directly, from the position of L, the value of 100 BsKBd + J5«) (^®) 
Dependence of Reflection Factor on Colour. — It has already been 
pomted out that the reflection factor of any surface which is not 
perfectly white depends on the colour of the incident hght (see p 111) 
The determmation of the spectral reflection curve of a surface may 
be carried out by means of a spectrophotometer In the case of 
specular reflection the apparatus may be that shown diagram- 
matically m Fig 252 (i®). /S is a uniform source of hght, and I its 
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Fig 262 — Spectral Reflection Measurements for a Polished Surface 


adjacent image formed by reflection m the concave mirror M, the 
surface of which is of the material (metal or other pohshed material) 
to be mvestigated 0 is a lens which forms images of 8 and 1 
respectively upon the two apertures of a suitable form of spectro- 
photometer (see p. 281) So long as the whole of the sohd angle 
subtended by the lens O at the object is embraced by the mirror M 
the ratio of the mtensities of the two images formed on the sht is 
the reflection factor of M for the frequency at which the measurement 
IS made Smce m this method the light forming the two images at 
the spectrophotometer shts comes from opposite sides of 8, it is 
necessary that the latter shall be a perfectly uniEorm source, e g , the 
two sides of a wide strip of incandescent tungsten Even so it is 
desirable that two sets of measurements should be made, each side 
of 8 facmg M in turn. 
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For spectrophotometnc measurements of diffuse reflection factor 
the apparatus sketched m Pig 253 may be used (^o) £ is a meta] 

box coated on the inside with a diffusmg white paint, and containing 
a number of lamps sufficient to give a high uniform illumination at 

the back of the box 



Lamfi 
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It IS kept cool by ex- 
terior water circulation 
Two small apertures in 
^ the front of the box 
allow light diffusely re- 
Q fleeted from the back 
to illummate the slits 
B of the spectrophoto- 
meter The surface of 


Pia. 263 —Spectral Reflection MeiwurementB for a reflection fac- 

Diffufling Surface. i. x x. j 

tor IS to be measured 


is placed first at P and then at Q, and the brightness at any part 
of the spectrum is compared with that of a small block of magnesium 
carbonate placed first at Q and then at P. 

It is to be remarked that the colour of the hght or the constancy 
of the iUummation do not affect the results, since the comparison 
surface of magnesium carbonate is equally affected. The reflection 
factors obtained are all relative to magnesium carbonate, but as 
the reflection factor for this material is in the neighbourhood of 
98 per cent., and is therefore almost independent of colour, a small 
constant correction factor can be apphed throughout the spectrum 
in order to obtam absolute values (2^), 

When determinmg either reflection or transmission factor curves 
it is sometimes convement to invert the process described on p 249 
for the calculation of the total factor, for if the total factor be 
known sufficiently accurately by direct measurement by ordinary 
photometric methods, the absolute value of the factor at any 
frequency can, it is clear, be calculated at once from a curve giving 
the relative values of the factor throughout the spectrum. This 
avoids the determination of the absolute factor by means of the 
spectrophotometer, but it cannot be used to give results of great 
accuracy, since it involves heterochromatic photometry with, prob- 
ably, a considerable colour difference 

A colorimetnc determination (on the trichromatic system) of 
the light reflected by a coloured surface may be made by measuring 
the reflection factor of the surface with some convement reflecto- 


meter, placmg in turn m the eyepiece of the instrument three glasses 
— ^red, green and blue — which thus become the instrument pnmanes 
(see Chapter X , p 304) 

It is clear that the hght reflected from any coloured surface 
illuminated by white hght may be measured by any of the methods 
of colorimetry desenbed m Chapter X The colour of the surface 
may thus be expressed on the monochromatic or on the trichromatic 
system The same remark naturally apphes to coloured transparent 
media 

Nephelometry. — ^When hght passes through a slightly turbid or 
cloudy medium, part of it is obstructed by the particles causing the 
cloudiness. Some of this hght is truly absorbedj while the remainder 
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is scattered in all directions by reflection from the particles It is 
this scattered light which renders visible the path of a beam of light 
traversing a dusty atmosphere. If the particles be small and their 
number not too great, so that the total cross-section of the beam is 
large compared with the total cross-section of the particles situated 
m its path, then the absorption factor of a given thickness of the 
medium bears a linear relation to the concentration of the particles. 
For a constant concentration the transmission factor varies with 
the length of path of the beam, according to the ordinary exponential 
law (see p 116). When the dimensions of the particles are of the 
same order of magnitude as the wave-length of the hght considered, 
T = where h = KNv^, N being the number of particles per 
unit volume, v the wave-number (^), and n a constant whose value 
is 4 when the particles are very small compared with A (^s). When, 
however, the particles are much larger, this law no longer holds at 
other than very weak concentrations, and the empirical relation 
T = 1 — has been suggested (^®), where m = BjN^y B and j3 
being constants whose values depend on the cross-section of the 
beam as weU as on the length of its path in the medium, the frequency 
of the light, and the nature of the particles, so that the formula can 
only be regarded as affording a convenient method of interpolation 
between the readings given by standard suspensions. 

When the size of the particles and their concentration are both 
small, T IS very nearly equal to umty, and an accurate measure of 
concentration is therefore very difficult to obtain by this method 
A much more convenient measure in this case is that of the light 
scattered in a direction making a definite angle (frequently 90°) with 
the direction of the beam (^'^) This is the so-called Tyndall beam (^®), 
and several instruments for making this measurement have been 
described (^®) under the name of “ TyndaU meters ” or “ nephelo- 
meters.*' * That of Mecklenburg and Valentmer is shown m 
Pig 264 The light from the source S is focussed m the plane of B, 
a diaphragm with a small circular hole, which is completely filled 
with hght. The beam from B is rendered parallel by the lens and 
is divided into two parts (Fig 254 (a) ), the lower of which, after 
suffering four total internal reflections in the pnsm system P 
(Fig 254 (6) ), traverses the lens and is brought to a focus at P, 
a point witliin the hquid under examination which is contained in 
the parallel-sided glass vessel T, The upper half of the beam from 
B illuminates a plaster screen Q, which is seen through the three 
Nicols Ni, and ^ 3 , the total reflection prism Pj, and the Lummer- 
Broffiiun cube i-P. The other face of this cube is illuminated by 
the hght scattered by the hquid at F in the vertical direction (? e , at 
90° to the original beam). Thus the bnghtness of the hqmd at F 
IS compared with that of the screen 0 , and photometric balance is 

* The terminology ai^pears to bo somewhat confused at the present time The name 
“ nephelometer has been used to designate an instrument for measuring the transmission 
factor (C Ch^neveau and R Audubert, C R , 170, 1920, p 728 , J de Phys , 2, 1921, 
p 19) This 18 more properly called an “ opaoimeter ” (Lambert, F Vl^a and de Watte- 
\’ille, 0 R , 168, 1919, p 797), although the name “ turbidimeter ” is sometimes used when 
the instrument is employed m connection with the study of suspensions, colloids, etc 
(J T W Marshall and H W Banks, Am Phil Soc , Proc , 64, 1915, p 170) Nepbelo- 
metry proper, the measurement of the TyndaU beam, has also been called “ Tyndalli- 
metry ” (S. E Sheppard and P A Elliott, Am Chem. See , J , 43, 1921, p 631) 
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obtaaned by rotating the Niool N 2 about a vertical axis. The use 
of three Nicols avoids the possibility of error due to partial polansa- 
tion of the hght transmitted at 0 The vessel T is capable of an 
accurately measurable movement, both horizontal and vertical. 
By using the vertical movement it is possible to make measurements 
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Fig 264 — The Nephelometer of Mecklenburg and Valentmer 


when IS at different depths below the surface of the liquid The 
absorption of the Tyndall beam in the liquid itself can thus be 
allowed for by extrapolation A small piece of auxihary apparatus 
is provided for finding the height of F above the bottom of the 
vessel T, Measurements are also made with F at different distances 
from the entrance '' side of the vessel, and the results are again 
extrapolated to allow for absorption of the incident beam in the 
hquid 

Traitsmission 

Measurement of Transmission Factor. — somewhat similar 
problem to that of measuring the reflection factor of a surface is 
the determmation of the transmission factor of any substance, 
generally in the form of a plate. The transmission factor of a 
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transparent plate is easily found by measuring the candle-power 
of a source with and without the plate between it and the photo- 
meter The value of t thus found is that of a plate of the medium 
regarded as a unit, and not that of a certain thickness of the medium 
The reflection factor per surface may usually be calculated with 
sufficient accuracy from the refractive index (see p. 112) If this 
be /}, while r is the actual transmission factor of the medium in a 
thickness equal to that of the plate, the hght transmitted is easily 
seen to be (1 — p)V/(l (see p 117) If p =0*04, while 

T = 0 6, it wiU be seen that this value differs by a quite neghgible 
quantity from {I — 2p)r (®^). It has to be remembered, in applying 
this method, that slight departures from planeness of the surfaces 
of the plate may produce large errors in the determmation of the 
transmission factor owing to lens effects, unless the plate be placed 
qmte near to the photometer (see p. 183) Like the reflection factor, 
the transmission factor of a body naturally depends upon the colour 
of the incident hght unless the body be colourless, « e , neutral or 
grey. 

Determination of Spectral Transmission Curves. — ^The need for 
spectral transmission measurements of the colour filters used in 
heterochroinatic photometry, and for other purposes, has already 
been pomted out Similar curves for liquid solutions are of con- 
siderable importance in many branches of pure and apphed 
chemistry The modifications necessary m order to make trans- 
mission measurements with the spectrophotometric apparatus 
described in Chapter IX. wiU generally be obvious In the case of 
double-slit mstruments, or instruments like the Hufner or Nutting, 
it is clearly only necessary to obtain two paraUel beams of light 
from a smgle source and place the coloured medium in the path of 
one of these A brief description, applied to the Nuttmg-Hilger 
instrument, has been given on p 284 The apphcation to other 
similar instruments is immediately apparent A convenient method 
of producing the two parallel beams is shown m Fig 181, where 
the prisms A and B are, m effect, two portions of a single convex 
lens havmg its focus in the position of the light source L (®2) 
Alternatively A and B may consist of two prisms producing two 
vertical images of L 

The substitution method should always be used, so that the 
transnussion of the medium at any given frequency is the ratio of 
the mtensities measured at that frequency for the same half of the 
companson field (a) with, and (6) without the medium interposed 
It IS convement to use a dummy filter of high transmission perma- 
nently m that half of the field used for the medium under measure- 
ment, partly to avoid any possibihty of the intensity on that side 
being greater than the intensity of the companson side when the 
test medium is not inserted, and partly to bnng the balance point 
to a more convement part of the scale 

In the case of an instrument with two colhmators, two sources 
may be used, or a reflecting surface may be placed in front of each 
of the two slits, both these surfaces being illuminated by the same 
source (®®) In either case two compansons of spectral ffistribution 
are made, one with the medium in the path of one of the two beams, 
and one with the medium removed If the coloured medium be of 
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appreciable thickness, the increase of illumination due to refraction 
in the medium must be allowed for (see p 23) A solution has to 
be contained m a cyhndrical glass vessel, which may be of any length 
up to 100 cm , and the particular instrument chosen for the work 
must be capable of accommodatmg such a vessel in the path of one 
of the incident beams A convement form of vessel is shown in 
Fig 255. The ends are plane parallel plates of colourless glass or 
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Ho 266 — Cell for Spectral Transnumiou Measurements ou Liquids 

quartz pressed hard against a tubular body. Sometimes the whole 
vessel is immersed in water contained m a larger outer vessel, so that 
the temperature may be kept constant and accurately measured by 
means of thermo-couples immersed m the water. 

In order to avoid errors due to reflection from the glass pind a of 
the vessel, two methods are commonly adopted In the first a 
vessel similar to that containing the hquid is placed in the path of 
the comparison beam of hght. This vessel contains some practically 
colourless liquid, such as water, of which the transmission is either 
negligible or known It is not sufficient to use an empty vessel, for 
then there is a double reflection loss of about 4 per cent at each end, 
whereas in the vessel containing hquid, of which the refraction 
coefficient may be taken as about 1 3, the loss by reflection at the 
inaxie, surfaces is only (n — lfl{n + 1 ) 2 , where w = 1 6/1 3, » e , it 
IS about 0 5 per cent (^) In view of the smallness of this loss, it 
is often sufficient to use a smgle plate of glass in the comparison 
beam This plate should, however, be of the same glass as that used 
m the vessel, and of double the thickness, in order to compensate for 
any slight selectivity m this glass In the second method of com- 
pensation two vessels of different lengths, but otherwise identical, 
are used. Both vessels are filled with the liquid to be measured and 
are placed one m each of the beams of hght to be compared (®®) 
Alternatively, they may be placed successively m the same beam of 
light In this case, if Tj be the transmission factor for light of a 
given frequency m the case of a vessel of length while is the 
transmission factor for a vessel of length it follows that the 
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transmission factor of a length of hquid (Zjl — /g) is equal to rjr 2 
Of the two methods of compensation just described the first is 
generally more convenient when temperature effects ai‘e lilcely to 
be important (3®). 

Instead of using any of the ordinary methods for adjusting to 
a photometric balance, the length of path of the absorbed beam in 
the medium to be measured may be arranged so that it can be varied 
at wiU by the observer, and this vanation may then be used for 
adjusting the photometric field 

For substances which cannot be exammed in solution special 
methods of spectrophotometry must be used (®®) 

Transmission Factors by means of Physical Photometers. — ^When 
there is no colour modification of the hght transmitted by the 
medium, values of transmission factor may conveniently be measured 
by some form of physical photometer (®®). The most general case 
of this kind arises in the determmation of spectral transmission 
curves, and for this purpose the photo-electric null method (see 
p 330) has been employed (^®). The apparatus is shown in Fig 266. 
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Fig 266 — Spectral Traiiamission by Photo-electric Photometry 


The hght from a convenient source passes through a rotating 
sector E anrl the medium B whose transmission is to be measured, 
if IS a constant deviation spectrometer, the monochromatic beam 
from which illuminates the photo-electnc cell Pj This cell is con- 
nected m a bridge arrangement with a second cell Pj, which is 
lUummated by a lamp The bridge is first balanced for dark 
currents by adjusting the voltages Fi and Pi is then illuminated 
by hght of any desired frequency, B being m the beam from L^. 
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The bridge is balanced by altenng the illumination of Pg ^ is theil 
removed from the beam and the opening in R is readjusted until 
the bridge containing P^ and Pg is agam balanced. The ratio of the 
openings in P, with and without P, gives the transmission factor of 
B for light of the frequency illuminating P^ Modifications of this 
method have been employed according to circumstances 

Physical Photometers for Transmission Measurements of Neutral 
Media. — A flicker method which has been used for measurmg the 
transmission of such a medium as a photographic plate m white 
light IS shown diagrammatically in Fig 257 A is a concentrated 

filament lamp round which a 
Glocbwcrfc. for dnvuug shutter revolves in such a way 

SKuftcr as to interrupt in turn the 

two bgams of hght which 
respectively traverse M, the 
medium whose transmission is 
to be measured, and W, an 
adjustable wedge The photo- 
electric cell P IS thus illumi- 
nated alternately by these two 
beams, and W is adjusted until 
there is no oscillation of the 
galvanometer W may be 
cahbrated by substituting for 
M a standard cahbrated wedge. 

Diffuse Transmission Fac- 
tor. — ^When the medium itself, 
or either bounding surface, is 
even shghtly diffusing, the 
above methods can no longer 
Fig 267 -The Photo-eleotno Deneitometer be apphed, and methods Similar 

to those described for the 

measurement of diffuse reflection factor must be used (see p 377) 

The apparatus shown in Fig, 246 may, by an obvious transformation, 
be used for the measurement of transmission factor at different 
angles of incidence and emergence of the light When the incident 

light IS perfectly diffused, the overall transmission factor may be 
measured as the ratio of the total flux transmitted to that incident 
on the surface (4^) The globe reflectometer shown in Fig 248, p 381 , 
may be used to give diffuse transmission factors (^®), as follows — 

(i ) The bnghtness {b{) of the sphere at 0 is measured when B is 
illuminated and A is uncovered 

(ii.) The same measurement is made (^2) when A is covered with 
the test matenal. 

(m ) A sphere similar to the reflectometer sphere is now placed 
with its aperture against the aperture of the reflectometer, the test 
matenal having been removed The hght in the reflectometer (63) 
18 now measured 

(iv ) The same measurement is made (6^) with the test material 
placed between the apertures of the spheres 

The transmission factor reqmred is given by t = for 

64/63 iR the i^tio of the flux entering B unimpeded to that entering 
after transmission through the test matenal. The correction factor 
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& 1/62 IS required because in the fii’st case A is uncovered, while 111 
the second it is covered with the test material, and it will be seen 
that & 1 / 62 19 the ratio of the lUummation of 0 when A is covered with 
the test material to that when A is uncovered, the flux in the sphere 
being the same in both cases 

The Transmission of Optical Systems. — It has been said above 
that the transmission factor of transparent objects cannot be 
measured by ordinary methods if these objects be such as to produce 
a modification of the spatial flux distnbution (lens effect). It is, 
however, frequently of importance to determine the transmission of 
a lens or system of lenses in an optical mstrument, eg , sb camera 
lens or telescope objective For this purpose the usual procedure 
is to use the instrument to form a real image of an extended bright 
surface, such as a sheet of opal glass formmg the front of a whitened 
cube contaming a number of lamps The optical device is placed 
so as to form an image oi this surface on the test surface of a photo- 
meter, and a measurement of the fllumination, is made The 
optical device is then removed, and the direct illumination, E 2 , of 
the test surface by the object surface is measured The ratio EJE^ 
is the product of the transmission factor of the device, r, and the 
lens effect The magmtude of the latter can be calculated from the 
dimensions of the apparatus, to a first approximation, as follows — 

Let S be the area of the object surface and L that of the optical 
device, and let u and v be the distances between this device and the 
object surface and photometer surface respectively If S and L be 
small compared with u and v, the flux reaching the device is BLSju^, 
where B is the brightness of the object surface The transmitted 
flux rBLSju^ is distributed over an area v^Sju^, so that E-^ = rBLjv'^, 
Without the device the lUummation E^ is clearly BSI(u + so 
that EJE 2 = rL{u + vYjSv^. When L is not small compared with 
u and V, the value of E-^ may be calculated for the special case when 
the optical device is circular and of radius R (^'^). Then 

E^ = [irBu^jiii^ - v 2 )} {log (1 + - log (1 + R^ju^) - 

while E 2 IS found as described in Chapter IV (p 102 ). Since u, v, S 
and L OT R are known, r can be found from the observed value of 
EJE 2 The approximate formula is generally accurate to about 
1 per cent so long as R/f does not exceed 0 * 1 , / bemg the effective 
focal length of the optical device 

Alternatively, the overall transmission factor of a given optical 
system may be determined by measuring the brightness, Bi, of the 
image formed by the device when the object is a diffusmg surface of 
known brightness Bo. Smee with any optical system of transmission 
factor umty B^ = Bo (^®), it follows that m any actual system 
p = BJBo (^®) B^ and Bo may be measured by one of the methods 
desenbed later m this chapter (p 401) or by means of a portable 
photometer, if a large enough field can be obtamed. This method is, 
however, open to the objection that stray light may be included in 
the brightness B^ and a modification designed to overcome this 
difficulty has been described (®°). 

Density of Photographic Images. — ^A special problem in the 
measurement of transmission factors is presented in the determination 
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of the degree of darkening of an exposed photographic plate (^i) 
This IS of importance not only in general photographic sensitometry, 
but also in those branches of photometry where photographic 
methods are employed, such as stellar photometry (see p. 427), the 
study of hne spectra, etc, 

Photographic sensitometry consists, bnefly, in exposing an area 
of a photographic plate to a known illumination for certain fixed 
periods of time and then developmg in a specified manner, the 
temperature bemg controlled throughout The opacity is 
then measured by placing the exposed area of the plate between a 
source of hght and a photometer When the area to be measured 
IS small, a modification of the Martens photometer (see p. 159) may 
be used (®®). These methods, however, are open to the objection 
that the exposed film acts to a greater or less extent as a diffuser (^^), 
Consequently the only certain measure is that of diffuse transmission 
factor {mde swpra). Various mstruments have been devised for the 
purpose. In most of these a sheet of opal glass is placed behind the 
negative so as to diffuse the mcident hght (®®). The candle-power 
of a given area of this opal glass is measured with and without the 
photographic plate m front of it, and the transmission factor is taken 
as the ratio of the figures thus found A convement form of the 
apparatus is that illustrated m Eig 258 (®®), which gives a develop- 
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ment of the light path. The grid hlament electric lamp L is enclosed 
m a screen with two apertures. Prom the first of these the hght 
passes upwards through the opal glass and the plate P whose 
density is to he measured, to a horizontal Lummer-Brodhun 
cube Prom the other aperture the hght proceeds horizontally, 
and IS reflected at the vertical mirror M-^ to the pair of movable 
mirrors Jfj, M^. Prom these it is reflected hack to the 46° mirror 
Jfi, whence it proceeds vertically through the opal glass 0^ to the 
mirror M^. It then passes through the Lummer-Brodhun oube 
The photometnc balance is obtamed by sliding M^, along a 
bench m the direction shown, as m the Martens illumination 
photometer (see note (14), p 372) 
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Alternatively, the difiEuse transmissometer described above 
(p. 390) may be used m the ordmary way, the photographic plate 
being inserted between the two spheres (®®). 

For the measurement of very low densities the thalofide cell 
(see p 326) has been found useful on account of its high 
sensitivity (®^) For very high densities an instrument giving a very 
high illumination must be used (®^) 

The selemum bndge can also be used for transmission measure- 
ments, two beams of hght ongmatmg from the same source bemg 
thrown in turn upon the bridge. One of these beams passes through 
the plate to be measured, and the other through a cahbrated neutral 
wedge The position of the wedge is altered until the resistance of 
the bndge is unaflEected by passing from one beam to the other (®®) 

Microphotometry, — In such work as steUar photometry or the 
study of line spectra by photographic means it is necessary to 
measure the density at any point of an image on an exposed plate (®^) 
Smce the vanation of density from point to point is frequently very 
rapid, the problem really reduces to that of measuring the trans- 
mission factor of an exceedmgly small area of a photographic plate 
The instrument used for this purpose includes a microscope as an 
essential part, and this special branch of photometry has received 
the name “ microphotometry ’’ Microphotometry also provides 
a method of testing the performance of any type of photographic 
emulsion as regards sharpness of image (®®) The first micro- 
photometer was that of Hartmann (®®), which is shown diagram- 
maticaUy in vertical section m Fig. 269. P is the plate under 
exammation, supported on an ebomte table i, over the surface of 
which it can be moved at will so as to brmg any desired portion of P 
into the centre of the field of the microscope ABQ, This microscope 
has a common eyepiece A with a second horizontal microscope 
ABD At P is a glass cube, constructed after the manner of a 
Lummer-Brodhun cube, as shown in detail above. The image of 
part of the plate, isolated by means of a diaphragm (®’) in order to 
avoid errors due to hght reflected from the objective of the micro- 
scope, is brought to a focus by means of H at the centre of the 
Bide a6 of this cube, and is viewed at A by total reflection from the 
silvered part gh The comparison surface 0 is focussed, by means 
of P, at the same pomt, and is viewed by transmission through ag 
and A6. The silvered area gh may conveniently be eUiptical m form 
so as to appear circular from A, Its apparent ^ameter must depend 
on the size of the area of P to be included, and on the magnification 
produced by 0 The latter may convemently be as high as 12. 

The comparison surface at 0 is a neutral wedge, which may 
convemently be a strip of photographic plate exposed in such a 
manner as to produce a gradually increasing density from one end 
to the other Methods of prepormg such wedges are descnbed on 
p 180 This strip may be cahbrated by insertmg filters of known 
transmission factor (determmed as descnbed in Chapter VI , p 182) 
in place of P (®®) The use of a substitution method such as this 
avoids the necessity for correcting for the difference between the two 
parts of the microscope and between the illuminations behmd the 
two surfaces P and 0. In order to secure that these illuminations 
shall bear a constant ratio to each other, the system 8BT is employed. 



394 


PHOTOMETRY 


This consists of a matt translucent glass plate R, illuminated from 
outside the tube either by dayhght or by an artificial source, and 
two silvered nnrrors /S and T, which reflect the light from i? to P and 
0 respectively One of the objections to the Hartmann instrument 



Fig 269 — ^The Hartmann Miorophotometer 


IS that, owing to the considerable magnification necessary, the grams 
of silver in the image may become separately visible This difficiilty 
has been overcome m two later instruments. 

The first is simply a modification of the Hartmann instrument 
by the insertion at IF of a diaphragm with a very small aperture, 
upon which is focussed the part of P under examination. The 
silvered part of the prism B is then diffusely ihummated by hght 
from that region of P whose image covers the aperture in IF. 

A stiU later mstrument, in which the Maxwelhan method of view 
is employed (^°), is shown diagrammaticaUy in vertical section in 
Fig. 260 The hght from the illuminated aperture A is rendered 
parallel by the lens 0, and one-haK of the resulting beam is brought 
to a focus by the lens at the pomt of the plate P which is being 
measured. A second image of A is similarly formed by 0 and 
at a point of the neutral wedge W The two beams of light from 
these images are brought to a common focus at the eyepiece P, 
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one by reflection, and the other by transmission in the Luinmor- 
Brodhun cube L-B Since the aperture in E is sufficiently small to 
act as a stop to both beams, the brightness of each of the two com- 
parison surfaces m L-B appears umf orm In making a measurement 
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Fia 260 — ^Tlio Fabry-Buiason Microphotoraetei. 


the transmission of W is altered until a photometric balance is 
obtained in L-B An instrument has also been described m which a 
polarisation method of obtaming the photometric balance is 
employed 

It is evident that, unless the image m the photographic plate 
be truly neutral, the transmission factor found will depend on the 
colour of the hght used for the measurement. The same is true if 
the wedge used as a standard of comparison be not neutral 

An instrument has been designed which depends on measuring the 
bnghtness of a strip of incandescent tungsten viewed through the 
photographic plate (’^). The measurement is made by altering the 
current through the filament of a small comparison lamp contained 
m the eyepiece of a microscope until it disappears on the image of 
the stfip, when both are viewed through a red pyrometer glass. 

As would naturally be expected, it is found that different values 
are obtained for the density of a photographic plate according as it 
is illuminated by a parallel beam or by diffused hght 

The principle of the Hartmaim microphotometer has been used 
m conjunction with photo-electnc cells in order to obtain a con- 
tinuous record of the variation of transmission factor along any 
given line on a photographic plate, as, for example, along the centre 
of a spectrum band The apparatus used for this purpose by 
Koch is shown diagrammatically in Fig 261 is a small source 
of hght of high surface brightness, such as the filament of a gas -filled 
lamp The lens A forms an unmagmfied image of N at that part of 
the plate P which is being measured The imcroscope objective B 
forms a second image withm the aperture of a diaphragm IK, and 
the hght which passes through W illummates the photo-electric 
cell Z, which may be of the form described on p 326 An auxihary 
glass plate and microscope enable the position of P to be correctly 
adjusted on the table before the measurements are begun The 
current (from the 180-volt battery L) which traverses Z passes 
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through A safety resistance to the string electrometer E. The 
artificial leak from E to earth is formed by the system of photo- 



]Fto 261 — ^The Photo >electrio Microphotometcr 


electee cells and both of which are also illuminated by JV. 
By this means small vanations in N have no effect on the results 

of the measurements The table 



GaLvaaometer 



Fig 262 — The Thermopile Micro- 
photometer 


which carnes the plate P is 
moved across the image of N 
by a clockwork motor, which 
also drives a photographic film 
on which IS obtained a con- 
tinuous record of the deflection 
of E Since the deflection is 
proportional to the illumination, 
it follows that this record is a 
graph of the transmission factor 
of P along the hne of travel 
A registering microphoto- 
meter in which a thermopile 
IS used instead of the photo - 
electee cell has been de- 
scribed The instrument, 

which IS shown diagrammatic- 
ally in Pig 262, consists of a 
lens (7, which projects an image 
of a lamp filament on the sht 
The microscope objective 
0. forms an image of 8^ on the 
plate P, and 0^, a similar objec- 
tive, throws an enlargement of 
this image on P is a sensi- 


tive thermopile connected to a 
d’Arsonval galvanometer of suitable type With this instrument it 


IS possible to obtain a record of the transmission curve of an Abney 
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best plate (lines 0 02 mm wide and 0*02 mm apai't), and the 
relative photographic mtensities of the different elements of a line 
spectrum may readily be obtained. 

A microphotometer which can be used to measure either the 
transmission or reflection factors of very small surfaces has been 
described by Nutting 

It should be noticed that in the microphotometry of very fine 
detail ther© is an inherent source of error, analogous to the error in 
spectrophotometry ansing from 
the use of a fimte sht width (see 
p. 287) This will be clear from 
Pig 263 If curve A represent the 
true transmission curve of a hne 
on the plate, the effective ‘^sht 
width of the microphotometer 
being 10 umts, then the density 
assigned to the pomt A will be the 
mean ordinate within the region 
-B(7, so that the values obtamed 
on a convex portion of the curve 
are too low, and those on a con- 
cave portion are too high. The 
maximmn density of a Ime, there- 
fore, IS always reduced, unless the 
size of the microphotometer field be very small compared with the 
breadth of the Hne. 

Absorption 

The Measurement oi Absorption Factors. — ^For all practical 
purposes it may be said that there is no method of measuring the 
absorption factor of a substance directly, since there is no means 
of evaluating the hght unless it can be caused to illuminate a 
photometric test surface. It follows, then, that absorption can only 
be measured as a difference, usmg the relation p + a + t = 1 
In the case of an opaque substance r = 0 and a = 1 — - p, so that 
all that IS necessary is a measurement of refiection factor Since, 
in general, the reflection factor of a surface depends on the direction 
and colour of the incident hght, so also must the absorption factor 
similarly depend on these variables. In the case of a transparent 
or translucent body, both p and r must be measured in order that a 
may be found For a truly transparent body p = 0, except at the 
surface, so that a = 1 — t when surface effects have been allowed 
for in the measurement of t Although a is thus found indirectly 
from a measurement of r, it is for many purposes a far more con- 
vement constant to use, since for transparent bodies it is connected 
with the thickness by the simple exponential relationship given in 
Chapter IV. (p 116). 

Atmospheric Absorption. — ^When objects have to be illuminated 
from considerable distances, or when a luminous object has to be 
viewed from afar, the absorption of light by the atmosphere, in 
reality a combination of true absorption and scatter, becomes very 
important. It has, too, to be taken into account when making 
photometric measurements over considerable ranges in the open 



Pia 263 — ^The “ ” Error 

in Mioropliotometry 
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(see p 418, Chapter XIV ) It is therefore necessary to have sor 
means of measuring the transmission factor of a certain length 
the atmosphere at any given time. One of the chief difficulties 
the measurement hes m the fact that when the absorption is mo 
important it is most hable to rapid and extensive fluctuations (” 
In its simplest form the apparatus used for this measurement consis 
of (i ) an evenly illuminated surface set up at a convenient distan 
(of the order of haK a mile) from the observing station, and lar^ 
enough to fill completely the field of view of (ii ) an instrumei 
capable of measuring brightness. If the size of the surface is in 
to be prohibitive {e g , more than 10 ft square) an ordinary portab 
illumination photometer, such as the lumeter (see p. 353), cannot I 
used for the bnghtness measm'ement (see p 401) at distances • 
more than about 200 yards, except by the use of an undesirabj 
small aperture In general, therefore, a telescope is used A 
image of the lUummated surface is formed in the focal plane of tl 
eyepiece (see Pig 264), and in this plane is an opaque white diaphrag] 

illuminated by a comparisc 
lamp The aperture in th 
diaphragm is shghtly smallc 
than the image of the ilh 
minated surface, so that th 
eye sees a continuous fielc 
A photometnc balance 
obtamed by varying the illi 
mination of the diaphragi 
surface If a telescope wit 
an objective of 3 ft foc£ 
length be used, a 10-ft scree 
at a distance of half a mil 
gives an image which will fi 
an aperture of ^ inch die 
meter This instrument i 
called a “ telephotometer ” 

A different form has bee 
devised with the object c 
avoiding the necessity lor 
large screen (’'^) This i 
shown diagrammatically i] 
Fig 265 Li IS a lamp o 
known candle-power place* 
at the distant station 0^ i 
a telescope objective, whicl 
forms an image of Li at th- 
position of the observer' 
eye E L-B is a Lummer-Brodhun cube, which enables * 
comparison to be made between the brightness of 0^ and th< 
bnghtness of O 2 , another objective, which forms at E an imag< 
of a local comparison lamp The bnghtness of Og vanec 
by means of a pair of Nicol prisms (not shown) placed between L 
and 02* illumination of 0^ is Now in the Max 

wellian view the bnghtness of the lens surface is tEv^, where i 
is the illumination at the lens and t its transmission factor, while 


Olgefitive. 



Eye 

Pia 264 — Telephotometer (diagrammatic) 
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V IS the distance of the eye from the lens (see p. 109) It follows that 


the brightness of 0^ is rliV^IO^L-^ 


But — = , 

V f u 


BO that the 


brightness becomes This is independent of the size 

of the lens, but it is neces- 
sary to ensure that the 
image of each of the sources 
IS smaller than the pupil of 
the eye, so that the latter 
does not act as a stop. The 
instrument may be cali- 
brated by measurmg on 
a clear day at a distance of 
a few hundred yards {u^), 
so that atmospheric absorp- 
tion is neghgible If the 
angle of rotation of the 
movable Nicol be 6^ in this 
case, then 

where K is the instrument 

constant If now the lamp be measured at a distance Wgj 
atmospheric absorption over the distance — Wj) is given by 

Vl — « («1 — /)/(«2 — /) = COS cos 6^ 
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266 — ^The Telephotometer with 
MaxweUian View 


Instruments have been designed in which a mirror placed at the 
distant station reflects to a photometer a beam of hght from a 
powerful source near the photometer The reflected beam is then 
compared with a direct beam from the source (’®) If this method 
be used, the mirror at the distant station must be optically worked 
to an exact plane, or the results wiU be quite valueless owing to the 
introduction of lens effects. 

The chief disadvantage of the ordinary telephotometer is that 
the light scattered towards the photometer by the particles between 
it and the comparison surface causes the bnghtness of the latter to 
be increased In other words, the error is that which would be 
introduced into the measurement by ordinary methods of the 
transmission factor of a vessel contaimng a shghtly turbid hquid 
This defect is overcome in an instrument which measures the contrast 
between the comparison surface and its background The 
lens 0 (Fig 266) forms an image of the comparison surface (which 
must have a sharp edge and a non-luminous background) on the 
translucent screen S, behind which is placed a black disc of such a 
size and shape that the image exactly flts it The screen is illuminated 
from behind by the comparison lamp L, The photometric balance 
IS obtamed by moving L or (as shown) by using a variable diaphragm 
D over 0 If JS represent the bnghtness of the image of the com- 
panson surface, it follows that Bp = B\ where p is the reflection 
factor of the screen 8 and B' is its brightness due to transmitted 
light It IS assumed that the “ haze ” due to scattered hght is 
sufficiently uniform to produce an equal increase of bnghtness on 
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both sides of the edge of the image, so that it does not affect the 
photometric balance If measurements at different parts of the 
, , spectrum be desired, colour filters 

may be placed in front of the eye. 

Variation of Absorption with 
Colour. — ^The absorption factor of 
a misty atmosphere is different for 
light of different frequencies (®°) 
The factor at any spectral region 
may be found by using a smtable 
colour screen in the eyepiece of 
either of the instruments descnbed 
m the last section Alternatively, 
a spectrophotometnc method may 
be used over short ranges (of the 
order of one-haK mile). The hght 
from a powerful source is coUi- 
mated by a suitable lens and 
projected to a mirror placed at 
, the distant station The refiected 

beam is then returned to the near station and compared with the 
origmal light from the source by means of a spectrophotometer (®^). 
As mentioned above, the imrror used at the distant station must be 
optically flat, or a lens effect is introduced mto the measurement 
Eurther, the mirror must be of such a size, relative to the coUimating 
lens, that it does not act as a stop in the optical system 



Bbightness 

It was pomted out at the beginning of Chapter VI. that the whole 
science of visual photometry is based on a comparison by the eye 
of the brightnesses of two surfaces in juxtaposition The ultimate 
object in view, however, is generally a measurement of the lUumma- 
tion of those surfaces, or of the candle-power of the sources producing 
that illumination Smce the photometric unit is one of luminous 
intensity, while brightness is luminous intensity per umt area, it 
follows that the most direct method of measunng the brightness of 
a surface (supposed uniform) is to measure its candle-power in a 
given direction and divide this by the projected area of the surface 
m that direction In order to avoid “edge effects,” it is often 
convement to place an opaque diaphragm with an aperture of 
accurately known area (a) close to the surface The combmation 
then acts as a source of candle-power Ba, situated in the position 
of the dictpIiTcigw, (see p 108) If this candle-power be measured, 
B is readily found (®2) It is assumed here that the area of the 
surface is not so great as to render it impossible to apply the inverse 
square law m the candle-power measurement This proviso severely 
limits the apphcation of the method, for it has been shown that if 
the accuracy of measurement is to exceed 0 6 per cent the radius 
of a disc source should not exceed 0 Old, where d is the distance 
from the photometer head Hence if the bnghtness of the disc 
be B, the illumination of the photometer surface is 0 OOSttB, so that 
for a minimum fllumination of 10 metre-candles B must exceed 
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650 candles per square metre This brightness is equal to that of 
a matt white surface havmg an illumination of 2,000 metre-candles, 
and is much above the brightness of ordinary illuminated surfaces 
The method can therefore generally be apphed only to seK-lummous 
bodies whose area can readily be determmed 

All other cases fall into two classes, viz , those in which the 
bnghtness to be measured is below the hmit above mentioned, and 
those in which the area of the surface is small and not readily 
measurable. In the former class, the most direct method is to use 
the surface whose brightness is to be measured as one comparison 
surface in a photometer, and to obtain a photometric balance with 
a second comparison surface, of which the bnghtness is vanable at 
will and determinable in absolute value This mvolves a knowledge 
of the reflection factor of the second comparison surface m the 
direction of view, and the provision of a vanable illumination (®®) 

As an example of this method, the use of the Lummer-Brodhun 
head for the measurement of bnghtness may be descnbed. A piece 
of silvered glass mirror of known reflection factor (see p. 381) is 
placed over one surface of the plaster screen m the photometer so 
that, when this faces the surface to be measured, the image of this 
surface in the mirror is seen through the Lummer-Brodhun cube, 
and so becomes one of the companson surfaces in the photometer. 
The bnghtness of the other comparison surface is equal to its 
illumination divided by tt and mifltiphed by the reflection factor 
of the plaster screen The latter must be determined for normally 
incident light and angle of view 45° by the method descnbed on 
p 377 Alteniatively, if a surface of known and suitable bnghtness 
be available, a substitution method may be used so that the errors 
due to lack of symmetry m the head are avoided 

For purposes where an accuracy of 2 to 3 per cent is sufficient 
a portable photometer with detached test plate may convemently 
be employed (®^) The reflection factor of the test plate, must 
be known from previous laboratory measurements by more accurate 
methods. If, now, the photometer be directed towards the surface 
to be measured and a photometric balance be obtained in the usual 
way, using this surface instead of the ordinary test surface, the 
bnghtness required is equal to the reading given by the photometer 
multiphed by the factor py/rr, for the photometer is cahbrated to 
show the illumination of the test plate so that a reading E corresponds 
to a bnghtness pjEjir, 

A coloured surface, or a white surface illuminated by coloured 
hght, naturally introduces all the uncertamties of heterochromatic 
photometry It is desirable to avoid these as far as possible by the 
use of colour filters. This is especially necessary when the brightness 
to be measured is below the hmit at which the Purkyn6 effect 
IS active Since by no optical means is it possible to increase the 
brightness of a surface, it is impossible to avoid this source of error 
otherwise than by usmg colour filters whose transmission factors can 
be determined at normal intensities A problem of this kind is often 
presented m the measurement of the bnghtness of substances which 
are self-luminous owing to either photo- or electro-lummescence (®®), 
cathode bombardment (®®), chemi-luminescence radioactive 
bombardment (®®), X-ray radiation (®®), etc 
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Brightness of very small Objects. — ^When the extent of the surface 
to be measured is too small for either of the methods described in 
the last section to be employed directly, a different arrangement of 
apparatus must be used. An important case is that of a glowing 
filament, of which it is often difficult to measure the dimensions 
accurately. If the brightness be not too great, the filament may 
be placed m front of an extended surface of adjustable brightness, 
such as a piece of matt glass illuminated from behind. The bright- 
ness of this surface is altered until the filament just disappears on 
its background, and is then measured by one of the means descnbed 
in the last sections If, however, the brightness of the filament be 
greater than about 10 candles per square inch (brightness of a gas-filled 
lamp with diffusmg bulb), this method is not suitable, and an 
alternative in which the background is formed by the image of a 
tungsten strip or a Nemst filament may be used mstead (®®). The 
apparatus is shown in Eig. 267. N is the standard surface, of which 



Pig 26? — The Measurement of Brightness of a Glo^^'ing Wire 

an enlarged image is formed at M by means of the lens L F is the 
filament to be measured, placed in the same plane as, and superposed 
on, M. T IS the observation telescope. The variation of brightness 
of M IS achieved either {a) by altering the current through N when 
very bright filaments are measured, or (&) by inserting a pair of Nicol 
prisms between L and M. 

If a tungsten stnp be used at N the front surface of its enclosing 
bulb should be uniform in thickness and as nearly plane as possible, 
to avoid distortion in. M. If a Nernst glower be used it should be 
enclosed in a box to avoid draughts. In either case the apparatus 
may be cahbrated most convemently by placmg at JP a tungsten 
filament lamp of standard pattern for which the brightness variation 
with change of current or voltage may be accurately found on the 
photometer bench. The absolute filament bnghtness of this lamp 
at a low efficiency may be found by causmg its filament to 
“ disappear '' in front of a black-body ” radiator at a known 
temperature 

The brightness of a flame source may be measured with this 
apparatus by substituting for F the device shown at the top of the 
figure, 0, This consists of a skeleton box contaming a diagonal 
double wedge of clear glass in the centre of which is a very narrow 
stnp of silver, 8. The flame is placed so that a thin hne of it, reflected 
in /S', is seen by the eye at T to be superposed on the image M, 

Another method of measuring the brightness of a small area of 
a lumineus object is to form an enlarged real image of the object by 
means of a convex lens, as shown in Fig 268 (a), and to measure 
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the illuimnation at the corresponding part of the image by means 
of any ordinary photometer with a small comparison surface 
If s be the area of the lens aperture, E the illumination of the photo- 
meter surface, and d the distance between this surface and the second 
focal point of the lens then the required bnghtness B = Ed^jsr 
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Fig 268 — The Measurement of Brightness of a Luminous Object 


(see p. 109) An alternative scheme is shown in Fig 268 (&) L 2 is 
placed so as to coincide with the real image of the luminous object 
formed by and a diaphragm with an adjustable opening is placed 
close to Lq If a photometer screen be placed in the position of the 
image of Lj^ which is formed by then the illumination at the 
photometer gives the bnghtness of the lummous object by the same 
formula as before, but the area a is now the area of the opening in the 
diaphragm. BlondeFs ‘‘ nitometer ” is designed on this principle 
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CHAPTER XIV 

PHOTOMETRY OP PROJECTION APPARATUS 

Of all the problems of practical photometry, the one which, it 
is probably true to say, presents the most difficulty, and is not 
infrequently carried out under conditions which render the results 
liable to considerable error, is the photometry of projectors All 
candle-power photometry depends on the measurement of the 
illumination produced at a standard surface by a source placed at 
a measured distance from it (see Chapter VI ). In order to determine 
the candle-power of the source it is necessary to assume that all the 
light iUununatmg the surface proceeds from a restricted area which, 
to the degree of accuracy aimed at in the measurements, may be 
regarded as a mathematical point. In other words, the source must, 
for the jiurpose of the measurement, be such that it can legitimately 
be regarded as a point source situated at a defimte distance from the 
photometer. 

It IS frequently impossible to make this assumption in the case 
of hght emitted from an optical device (i), for in many cases this 
device redistributes the light in such a way that it appears to proceed 
from a source at infinity, while in other cases different parts of the 
optical system produce separate images of the primary hght source, 
so that the resulting beam is m reality composed of a number of 
primary beams, each of which appears to proceed from a different 
point in space The simplest problem in projector photometry is 
that in which the optical device produces a smgle image of the source 
at some defimte position. The image produced by a lens or spherical 
mirror is of this kmd, provided (a) the aperture of the optical device 
be small compared with its distance from the source, and (&) the 
source be not at the focus of the lens or mirror. Examples of pro- 
jectors of this type are the magic lantern and kinema projector. 

In a problem of this kmd the only departure from ordinary 
photometric procedure is that the measurements involved in the 
application of the inverse square law must be made from the position 
of the image, and not from the source or the optical device (®) This 
is only true so long as the whole of the image is visible from every 
point of the photometer screen It is clear that the inverse square 
law cannot be apphed at all when the optical device is dehmitmg 
the image, so that the fraction of the whole which is visible in any par- 
ticular direction depends upon the distance of the photometer from 
the device When the unage is so much larger than the device that 
the surface of the latter appears bright all over, the device itself may 
be regarded as the source, if the image be of uniform brightness, 
for the edge of the optical device then acts in the same manner as 
a diaphragm placed in front of a bright surface (see p 108) * (3) 

* The above conclusion applies equally if the image be real, and he between the device 
and the^hotometer, 
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It must be remembered that m the ease of a magnified image, 
even if the optical device be not actmg as a stop, it may be necessary 
to use the photometer at a greater distance than would be necessary 
in the case of the ongmal source Por example, in the case of a line 
source of length 21, placed along the axis of a lens of focal length /, 
with its centre at a distance u from the lens, by means of the formula 
given on p. 22 it is easy to show that the length of the image formed 
by the lens is 2plj{f + w — l)(f + u + 1) If, then, / = — 6 inches, 
1 = 05 inch, and w = 3 5 inches, the length of the image is 6 inches, 
and the minimum permissible distance of the photometer from the 
image has to be six times that which would be allowable in measuring 
the ongmal source 

Parallel Beam Projectors. — ^Probably the most important case of 
projector photometry is that in which the source is at the focus of 
the optical device, so that the image is at infimty This is the 
problem presented in the photometry of searchhght projectors, 
where the source is placed at the focus of a parabohc mirror, or of 
lighthouse lanterns, where the source is at the focus of a plano- 
convex lens These two cases will be considered separately The 
parabohc mirror has been very fuUy dealt with by P A Benford (^). 
In the case of a uniform point source the rays proceeding from the 
mirror are aU parallel, so that the illumination is constant at all 
distances from the mirror, and the apparent candle-power is there- 
fore entirely dependent on the distance of the photometer The 
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illumination at any point m the beam is easily obtamed. Por 
(Pig 269) if the candle-power of the source be 7, the fiux density 
at If IS 7 jLM^, since the flux per umt sohd angle from i is 7 lumens 
If the focal length of the parabola be /, then LM is given by 


LM^ = 2 /' + 



, where y is the distance of M from the axis 


Hence the illumination at a point in the beam P, distant y from 


the axis of the mirror, is 



where p is the reflection factor 


of the nuiTor The distributions of illumination for mirrors of various 
focal lengths can readily be obtained from Pig 270. 

The case of a source of fimte size is somewhat different If this 
source have a definite bnghtness P, which is the same in aU directions, 
then from a distant point P on the axis of the beam the whole surface 
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of the mirror appears to have the bnghtness Bp, for (Fig. 271), 
considering an element M of the mirror surface, since the angles 
of the incident and reflected beams are equal, the angular density 
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Fig 270 — ^Relative lUumiaation across a Projector Beam (Point Source) 
(For absolute values multiply by pl/f ^ ) 


of the flux reflected from this element in the direction P is equal 
to the angular density of the flux reaching M, t.e , to that of the 
flux emitted by L, reduced in the ratio p . 1, so that the brightness 
of M, as viewed from P, is pB, It follows that at P the apparent 



candle-power of the whole mirror is TrpR^B, where B. is the radius 
of the mirror This holds whatever be the shape of the source, 
provided its bnghtness be uniform m all directions In the case of 
a disc source, it must be remembered that the candle-power is zero 
at angles of emission greater than 90°, so that a mirror embracing a 
total angle of more than 180° is of no advantage in this case 

In the above discussion of the apparent candle-power of a mirror 
it is assumed that P is situated so far from the mirror that the latter 
appears bright or “ flashes ” aU over In other words, it is assumed 
that the elementary beams due to two opposite points at the extreme 
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edge of the mirror cross at some point between P and the min*or 
(see Pig. 272), so that P receives light from every part of the mirror 
surface. No point, such as P' or Q, for which this is not the case 
can be assumed to have an lUummation based on the formula for the 
apparent candle-power given above, and witlim the crossing point 
on the axis the inverse square law must not be assumed to hold 



Por a spherical source of radius r (Pig. 272) (®) the limiting 
distance d for the application of the inverse square law along the 
axis of the mirror is given by 

.othat + 

Por a, mirror of 60 cm aperture and 30 cm focus, with a source of 
1 cm radius, d is 11-3 metres. 



Por a disc source (see Pig. 273), instead of r in the above 
expression, it is necessary to wnte 

rif - 

BO that («) d = R^I4f + R[f + ^)'jr (/ - 

It is to be noted that this expression becomes infimte when R = 2/, 
^.e., when the mirror embraces a total angle of 180° with a disc 
source In the case of the dimensions used in the above example 
with a spherical source, d is now equal to 18*8 metres 
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The case of prism reflection may be treated similMly, for m this 
case, too (see Fie 274), the angular density of the incident flux is 
eq^ual to that of the reflected flux, provided the pnsm be isosceles. 
This is the case of the outer catoptric elements of a hghthouse lens. 



L 


Pig 274 — ^Pnsmatio Befleotion 

The iimer elements, however, depend on refraction If in Fig 275 
the hght from a source situated at L be refracted by the prism K 
so as to emerge m an approximately horizontal direction, it is easy 
to show that, in the special case when the first refracting face of 
the prism is vertical, if n be the refractive index of the glass (see 



L Axis oF Pro/cehon 

Pig 275 — ^Projection by Refraction 

p. 20), incident rays inclined at an angle a will be refracted and 
emerge at an angle a', where a'/a == cos 6 {n^ ^ 6)1 

— sm^ 6 — ~~ sin^ 6} The value of this expression will 

be found to increase from 1 as 0 moreases from zero, so that for a 
constant value of a the elementary beams given by the more extreme 
elements of the lens will be more divergent than elementary beams 
from the intermediate elements If / be the focal length of the 
system and the source a sphere of radius r, an element at an angular 
distance 6 from the axis wiU give a beam having a semi-angular 
depth of a', found by putting a = (r/f) cos 6 m the above expres- 
sion Smce the distance d at which this beam meets the axis is 
equal to y cot a' or y/a', i.e , to (//a') tan d, it follows that the 
■minimum distance at which the mverse square law can be applied 
may be found m a manner similar to that described for thejre- 
flector The problem of the disc source may be treated similarly (’) 
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In all the above oases it will be noticed that, to a first approximation, 
d varies as JS/r, as might, indeed, be expected a 'pnon (®) 

In the above discussion of the -miTninum distance at which it is 
safe to apply the inverse square law for the calculation of apparent 
candle-power there are three important considerations which have 
not so far been mentioned These are as follows — 

(i ) It has been tacitly assumed that the size of the optical 
device is so small compared with d that no appreciable error would 
be introduced in applying the inverse square law to a uniformly 
bnght disc of the same radius (iJ) (see p 102). 

(u ) Throughout the work d has been measured from the centre 
of the optical device itself , it must not be assumed that this point 
IS the effective source from which distances are to be measured. 
This IS not so, for in the case of the paraboho reflector, since 
the whole mirror surface appears to have a uniform brightness, 
viz,^ pB, it may be replaced by a disc of this bnghtness and of the 
same area as the aperture of the mirror placed in the plane of the 
front edge of the mirror (®) In the case of the lens projector the 
bnghtness is not quite uniform, but the error introduced by assuming 
the effective source to be in the plane of the lens is quite small 

(m ) All the above work has referred to candle-power measured 
in the direction of the axis of the beam While this is the most 
important direction in the majonty of problems, it is frequently 
necessary to determine the candle-power distribution across the 
beam, and the method of finding the value of d for various directions 
inchned to the axis will therefore be descnbed in the case of the 
parabola The dioptric lens may be treated similarly, but the 
calculations are more lengthy (^®). 

Variation of Apparent Candle-Power across the Beam. — Erom 
Eig 276, if i be a disc, and d the distance from the mirror at which 





!Fio 276 — Beam MeaBurements at Oblique Angles 

the extreme ray of the elementary beam proceeding from M crosses 
the hne passing through the centre of the mirror and inchned to the 
axis at an angle 6, then, to a first approximation, since a and d are 
both small, B/d = a. — 6 , and a. = rQ — B^j4:f)l{f + bo that 

rf- ^ 

B^/if)l{f + iiV4/)2 - d 

d becomes infimte when 6 = r(f — B^lif)j{f + With the 

dimensions given in the example used above this value of 6 is 0'016, 
or about 0 9°. When 6 is 0 015, however, d = 300 metres. It follows 
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that in this case, where the maximum beam divergence is 0 033 
(semi -angle), the mverse square law may be apphed to measurements 
of illumination made at distances of 300 metres or more over an 
angular breadth from the axis of the beam of only 0 46 times the 
total breadth While this is theoretically the case, m practice the 
vanation of the illumination with distance departs but httle from 
this law for wider angles, since the elementary beams which cross 
the observation hne between the 300-metre point and infimty 
contribute but httle to the total illumination For example, with 
the projector system already calculated, when 6 = 0-03, % e , only 
10 minutes of arc from the extreme edge of the beam, the percentage 
error introduced by measurements at 300 metres instead of infimty 
is less than 1-6 per cent. It thus appears that measurements of 
such a projector system may be made at a range equal to about 
1,000 times the radius of the projector when the semi-divergence of 
the beam is not less than 2° For approximate work one-half, 
or even one-quarter, of this range may be suflScient, but m practice 
it has to be remembered that the above discussion is based on the 
assumption of a perfect mirror The imperfections and irregularities 
of form met with in practical apparatus make it desirable to use an 
even longer range than that mdicated above if really accurate results 
are required 

Photometry o! Large Projectors Searchlights. — ^For large pro- 
jectors there is a very serious practical difSculty in the use of long 
ranges, and this may well counterbalance the extra accuracy 
theoretically obtamable at greater distances Searchhght projectors 
of double the size used in the above examples are now common, so 
that ranges up to at least half a mile are necessary, with the result 
that measurements have to be made m the open, or at least the 
beam from the projector has to traverse half a mile or more of 
atmosphere at a distance, generally, of a few feet above the ground 
The result is that absorption olhght by a very shght amount of mist 
or other suspended matter m the air causes a reduction m the beam 
mtensity at the end of the range, which may be as much as 20 to 
30 per cent before the presence of the mist, etc , becomes noticeable 
to the eye If atmospheric absorption be present to any marked 
degree it is impossible to obtam any satisfactory photometric 
measurements, for the rapidity with which the transmission factor 
varies, both from time to time and from place to place, makes it a 
very uncertam method to attempt to allow for the vanations by 
subsidiary measurements such as those to be described later The 
interference due to ground mist may generally be much reduced if 
the beam be projected across a valley, the projector and the photo- 
meter bemg on the opposite slopes of the on either side 

In determinations of the apparent candle-power in various parts 
of the beam it is desirable to move the projector in altitude and 
azimuth, since at a range of half a mde a beam of 4° total divergence 
has a linear diameter of over 60 yards, and an angular movement 
of the projector is usually much easier to arrange than a lateral 
movement of the photometer over such a long distance In the 
case of vertical distribution, tiltmg the projector is clearly the only 
course practically possible Angles may be accurately determined 
by means of large scales attached to the projector or, more accurately. 
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by means of a small telescope ngidly fixed to the projector and 
reading on bold horizontal and vertical scales placed at a distance 
of 50 to 100 feet in front of it. The projector and photometer 
stations should be in constant commumcation, preferably by 
telephone 

The actual photometric apparatus may take many different 
forms A very convement arrangement consists simply of a standard 
surface supported vertically, or so as to be normal to the light from 
the projector. The illumination at this surface is then measured 
by means of a portable filummation photometer, and the candle- 
power IS calculated by means of the inverse square law. Alterna- 
tively, a Lummer-Brodhun or other photometer head may be 
mounted on a small photometer bench whose axis is in the direction 
of the beam A small comparison lamp on the side of the photometer 
away from the projector enables candle-power measurements to be 
made in the ordinary way A difficulty m this method is the very 
wide range to be covered, the apparent candle-power in the centre 
of the beam being often 100 times that near the edge 

Nearly all outdoor projector photometry, except that of very 
high candle-power searchhghts at close range, has to be carried out 
at mght If, however, the illumination to be measured exceed 
about 1 metre-candle, approximate measurements may be carried 
out in the daytime by suitable screening arrangements, such as 
those shown m Fig 277 The area of the aperture m the front screen 



277 — Screening for Daylight Photometry of Projectors 


should be the minimum permissible, % e , the same as that of the photo- 
meter standard surface, so that if the distance between this screen 
and the photometer be, say, forty times the diameter of the aperture 
(e.gr , 2 metres for a 5 cm photometer disc), the “ dayhght factor ’’ 
of the card is about 0 02 per cent It follows that on a day m which 
the general illumination is 10,000 metre-candles, if the background 
of the projector have a reflection factor of about 10 per cent , the 
lUumination of the photometer surface due to stray hght wifi be 
1,000 X 0 0002, , 0 2 metre-candles This filumination can be 

determined to the necessary accuracy by means of blanlc measure- 
ments before and after the experiment, and the amount found 
can then be subtracted from the measured illumination in the 
beam 

In aU photometry of projection apparatus it is essential that the 
source shall be maintained accurately at the focus of the optical 
device This is not always easy to arrange when the source is an 
electric arc m which the carbons are gradually being consumed. 
The provision of a lens and scale device, termed a “ focus -scope,” 
at the side of the barrel is a great help m this adjustment. Since the 
arc is frequently diffi cult to control for long periods, the value of 
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telephonic commuiucation between the projector station and the 
photometer station can hardly be over-estimated. 

Arc-light photometry with ordinary companson sources has the 
great disadvantage of mtroducing a large colour difference into the 
photometer field. Since the accuracy aimed at (or, indeed, attain- 
able) is generally not higher than 2 to 6 per cent , the use of coloured 
glasses to produce an approximate colour match is almost umversal 
in searchhght photometry 

Atmospheric Absorption. — ^Various methods have been used for 
measuring and allowing for atmosphenc absorption when this is 
not more than 10 to 20 per cent These methods may be referred 
to as (i.) direct measurement, (n.) the standard-beam method, and 
(in.) the double-range method. 

The first of these methods consists in a subsidiary determination 
of the absorption factor of the atmosphere by means of a telephoto- 
meter or other special apparatus (see p 398) 

The second method really relies on the same principle as the 
first. A known constant source having a high surface brightness, 
such as a tungsten arc lamp, is placed in a standard projector 
at one end of the base, and the axial beam candle-power is 
measured at the other end in exactly the same way as for the 
test projectors. Allowance for atmospheric absorption is then 
made as before. 

The third method consists in having two photometer stations 
instead of one and making measurements of the illumination at a 
given part of the beam at both stations. If these are nearly in a 
straight hne with the projector, only a shght movement of the beam 
is necessary, and the two measurements can be made very quickly 
one after the other If the distances of the stations be and d^, 
then when the transmission factor of the atmosphere is r per umt 
distance the illuminations will be respectively and 

E^ — or, elimmatiog t, (^i^-^i/^) = ^i ^^g (d^EJI), 

The calculations are much simpLdled if dg = 2di, so that 1 = 
d^E-^jA^^ This method depends on the assumption that t is 
constant over the whole range d^, and consequently very contra- 
dictory results are sometimes obtamed, especially over land, where 
slight ground mists, which are the chief source of trouble, are very 
variable in density from place to place (^^). 

Lighthouse Piojectors. — ^The lens system used for hghthouses 
consists of two parts, v%z , a central convex lens, divided into a 
number of steps known as ‘‘ Eresnel ” or dioptno ” elements, and 
an outer zone of total reflection pnsms. Both of these systems are 
so arranged as to give a horizontal beam of hght of the smallest 
divergence possible with the size of source used. The source is often 
a large mcandescent mantle and may, to a first approximation, be 
regarded as spherical. The whole optical system may be as much 
as 10 feet in diameter. Erom the theoretical treatment given on 
p 414 it will be seen that the measurement of apparent candle-power 
of a projector of this kind may be made m exactly the same way 
as for a parabohc mirror of equal size (^®). The total reflection 
prisms, in fact, act in exactly the same way as a mirror, givmg 
elementary beams whose divergence is equal to that of the beams 
they receive. The outer parts of the central lens give beams of 
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increased divergence, so that errors calculated on the same basis as 
for a mirror cannot at any rate be exceeded by the lens. It follows 
that for a projector of 3 metres diameter and 150 cm focal length, 
used with a spherical source of radius 7-5 cm , accurate measurements 
of apparent candle-power may be made in the axis of the beam at 
any distance over 37*9 metres 

The range required for measurements of apparent candle-power 
in directions inclined to the axis may be found as m the case of the 
mirror projector The beam of the projector above quoted as an 
example has a semi-divergence of rather more than 0 06 radian 
The error made m a measurement of apparent candle-power at a 
range of 1,000 metres in a direction which makes an angle of 
0 04 radian with the axis is less than 2-8 per cent 

Sometimes the method is adopted of measuring the apparent 
candle-power of separate portions of the whole optical system by 
blocking out the remainder with opaque screens The candle-power 
of the whole system is then obtained by adding the candle-powers 
of the separate portions (^®). In this way it is possible to make the 
measurements at shorter ranges, since the range may be reduced 


more than in proportion to the 
aperture of the system exposed 
The position of the photometer 
must be arranged separately for 
each element measured, so that 
the hne joming that element 
with the photometer makes the 
same angle in every case with 
the axis of the main beam 
Thus if a projector is being 
measured in a direction making 
an angle a with the axis, the » 
photometer must be placed on 
the hne (Fig. 278) when the 
element L-^ is being measured, 
and on the hne when ig 

IS being measured, otherwise the ^ 
candle-powers for the two ele- 
ments measured are in directions 



'iQ 278 — The Step-by-Step Method of 
Projector Photometry 


inchned to each other at the 


angle L^LJL^Pi, which is equal to 1-7° if is 100 metres when 

Photometry of Small Projection Apparatus. — The same prmciples 
as regards the range at which measurements may be made apply 
in the case of such apparatus as automobile or locomotive headlights 
as for searchlights, if aU the dimensions be reduced m the same 
proportion For example, if a headhght of 20 cm diameter used 
with a source of 3 3 mm radius be measured at a range of 100 
metres, the measurements will be subject to the same errors as those 
discussed on p. 416 above. The measurements are simplified, 
however, by the fact that in a photometric laboratory provided 
with a suitable long photometer room it is possible to make the 
measurements indoors 


The projector may convemently be mounted on a turn-table 
provided with a degree scale, while the turn-table itself is earned 


BB 2 
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on a kind of cradle such as that shown m Pig. 279 A movement 
of ± 16° to 20° in altitude is generally sujffioient 

The distance used in calculatmg the apparent candle-powers 
should be that from the photometer surface to the front face of tlie 



projector (see p 415) This distance should always be quoted with 
1 estimate may’^L L?med of £ 

B^teroyM^Srms— the measurements are liable 

so widely from one another that it is Stremdv d^o^ff separated 
their photometnc centre of gravitv or fn /\p.+ ^ to locate 

distance at which this centre^of determine the minimum 

sufficiently constant for the aDnli^tioTf to remain 

placed oa tto phXlTSnl 

to a F^ommeiei bench at a distance apart equal 

/n ^ ^ 2/ zy Neglecting powers of 

above the first, this becomes— 

Tt. m the Ke^'oS.l^i 

these terms, is j 37,^^^' + ' 


I 

expressed as a fraction 
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of fclie true illumiiiation {I^ + is — a)® + 

Putting z = aIJ{I^ -j- this becomes so that 

the error involved in assuming the inverse square law to hold 
from the centre of gravity is less than 1 per cent so long as x 
exceeds If /^ = becomes 5aV^ As 

the ratio I 2 /I 1 departs from umty the accuracy is improved. For 
instance, i£ /g = ^ be reduced to 3a V 3. 

In projection apparatus where different parts of the optical 
system produce separate images, the position of the centre of gravity 
of the images is obtained by measuring the hght from each image 
separately, calculating its position, and then finding the centre of 
gravity as a result of these measurements, using the ordmary 
formula x = 'ZIjxJ'ZI-^ In each set of measurements the whole 
of the optical system, except that being measured, is covered with 
an opaque screen, so that the light reaching the photometer is 
derived only from the particular part of the optical system under 
investigation. It sometimes happens that the position of the centre 
of gravity of the images, or the “ effective hght centre ” as it is 
called, is immaterial under the conditions of use In that case the 
sum of the separate apparent candle-powers of the images produced 
by the different parts of the optical system is the required apparent 
candle-power of the whole system, but in basing calculations of 
illumination on the figure of candle-power thus obtained, it must be 
remembered that the distance at which the inverse square law may 
be assumed to hold must be large in comparison with the maximum 
separation of the various images contributing to the total lUumma- 
tion. 

Total Flux Measurements. — ^Por many purposes a measurement 
of the total luminous flux in the beam given by a projector may be 
of value quite apart from the details of distribution contained in a 
curve of effective candle-power This measurement can often be 
made quickly and convemently by means of some form of photo- 
metnc mtegrator (see Chapter VII ) A small projector may be 
placed inside a sphere or cube so long as the beam is directed towards 
a suitable part of the sphere wall (see p 214) and the projection 
apparatus is whitened outside (see p 216) Alternatively, the 
projector may be placed outside an opening in the sphere so that 
the beam is projected on to the opposite wall In this ease allowance 
must be made for the effect of the opening, as explained on p 222 
If the projector be large it may be convement to move the source 
of hght away from the focus in such a way as to produce a real image 
of suitable dimensions, as shown in Fig 280 Allowance must then 
be made for the alteration in the amount of flux from the source 
which reaches the effective aperture of the projector For example, 
a searchhght projector consisting of a mirror of radius R and focal 
length /, with an arc crater of radius r, receives an amount of flux 
which may be calculated from the formula given in Chapter IV 
(p 102), putting d equal to / — (-R^/4/). If the crater be moved a 
distance 0 If away from the mirror, a real image of radius lOr is 
formed at a distance 11/ from the mirror, while the flux reaching 
the mirror from the crater is now less by a calculable amount, so 
that the readings obtamed must be mcreased m a determinable 
ratio. 
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An alternative method depends on the use of the integrating 
hemisphere described on p 227. The projector may be placed at 
one end of a long blackened room and the beam projected on to the 
open hemisphere placed at the other end The total flux containetl 



Fig 280 — The Meaauremenfc of Total Flux from a Piojeetor 

in different zones of the beam may be measured by providing a series 
of diaphragms to fit over the face of the hemisphere. Owing to tlio 
imperfect diffusion of the hght by the surface of the heinispliere, 
especially at large angles of incidence, it is necessary either to uh(‘ 
a compensatmg screen which has been specially designed to ccjualiHc 
the effect of flux reachmg any part of the hemisphere wlien tlie 
hght is parallel to the axis, or, alternatively, a series of slender radial 
wedges may be placed m the plane of the openmg so as to weight 
the flux reachmg the central parts of the hemisphere (^®) A siinilai’ 
method might he used with a flat surface m place of a heiniispliere 
Instead of a diffusing surface, a paraboloidal mirror may bo used 
to concentrate the flux on to a small whitened disc i>laced at or near 
the focus of the mirror, and the candle-power of this disc may tlion 
be measured by means of a photometer This candle-power is jiro- 
portional to the total flux received by the mirror Apparatus of tins 
kmd must be cahbrated by means of a steady beam, the total liux in 
which can be measured by a step-by-step method 

Polished Shades and Reflectors. — ^An important practical cas(» 
apphcation of the principles described in this chapter arises 
m the photometry of hghting fittings, such as street lighting units, 
which con^t partly of a pohshed reflector or a band of refracting 
elements ( ) In such cases it is generally possible to obtain some 
idea of the proportion of light which is projected ” either by 
refraction or by specular reflection, and to adjust the distance at 
which photometnc measurements are made so that the permissible 

r* ^ measurement of the combined caudle- 

powei when the inverse square law is apphed. 
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CHAPTER XV 

STELLAR PHOTOMETRY 

One of the earliest apphcations of photometnc measurement 
was to the determination of the relative luminous intensities of the 
heavenly bodies (i). The hght-giving power of stars has, since the 
time of Ptolemy (^), been expressed in terms of an arbitrary scale 
of “magmtudes,” the magnitude of any particular star being 
obtained by companson with one or more reference stars in its 
immediate neighbourhood (®) The scale of magmtudes has always 
been approximately, and is now strictly, loganthmic, being of the 
form logio = 0 4(1 — m), where m is the ma^tude of a star, and 
E its intensity m terms of that of a first magnit ude s tar The ratio 
of intensity of successive magnitudes is thus VlOO = 2 512 (^). 

The estimation of magmtude was at first made purely by eye (®), 
and later by bringing telescopic images of the two stars to be com- 
pared into as close juxtaposition as possible, generally by placmg 
mclined nurrors or reflecting prisms in front of the objective (®). 
Various methods of altering the brightness of one image to equality 
with the other were used by different workers C^). A favounte 
method was the reduction of the effective aperture of one objective 
by means of a vanable diaphragm (®), or by a wire gauze screen or 
a rotating sector (^) In some cases an artificial ‘‘ star was used, 
and the various real stars were compared with this in turn instead 
of with each other 

The ZoUner Photometer. — ^There are three types of photometer 
chiefly in use for visual measurement at the present time. The first 
of these is a polarisation instrument with an artificial comparison 
star, designed by J C F ZoUner This instrument has undergone 
a number of modifications of form at vanous times (^^), but the 
general prmciple remains the same, and wiU be clear from the section 
shown m Fig 281. An artificial star is formed by a small aperture 
in the diaphragm A, behind which is placed a source of Light of 
known bnghtness This source may conveniently be an electnc 
lamp The light from A passes through the Nicol prisms 

and A^g, the quartz plate Q, and the lens L, and is then reflected 
from the front surface of the glass plate M The intensity and 
colour of the reflected image are varied by rotating the different parts 
of the optical tram, the colour by rotatmg N-^ relative to aud 
Q (1®), and the mtensity by rotatmg the whole system N-^QN^, 
relative to JYg, by means of the handle F A'g is fixed m relation to 
the tube BG, which forms part of the eyepiece of a telescope through 
which the star is viewed. The telescope is so directed that the image 
of the star under observation, and the reflected image of A, are 
sufficiently close to each other for accurate adjustment to equahty 
By an obvious change of design (see Fig 282) the real star may be 
seen by reflection, and the artificial star by transmitted light 
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Appaxatus have been designed for automatically registering the 
readings made at night with this mstrument (^®), 





I TeUseojbc 
EyeJoejM, I 

B C 

Fio 281 — The Z611ner Photometer 


Objcehwt 


Photometers in which a neutral wedge is used in front of an 
artificial star to reduce its brightness to equahty with that of the 
image of a real star have been exten- 
sively used (1®), while an artificial star 
vanable by means of a diaphragm, 
or otherwise, has also been pro- 
posed 

The instrument described on pp 
398-9, for measuring the absorption of 
the atmosphere, may clearly be used 
for stellar photometry It has the 
great advantage that by the employ- 
ment of the Maxwellian view the 
photometric comparison is made 
between extended surfaces instead of 
point images. 

The Meridian Photometer. — A 

polarisation photometer essentially 
different from the ZoUner instrument 
IS the meridian photometer of E 0 
Pickenng, shown in Eig 283 (^®) 

This consists essentially of a tele- 
scope with a double objective and a 
single eyepiece The telescope is 
placed horizontally in the east-west 
direction, and each objective is fur- 
mshed with a mirror or 46° reflect- 
ing prism which can be rotated 
about the instrument axis so that the images of any two stars on 
or near the meridian can be compared. In practice the scale of 
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Pio 282 — ^Modification of the 
ZSllnei Photometer 
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magnitude is based on the mean values assigned to a large 
number of circumpolar stars, so that periodic variations are 
eliminated (^®) In the first form of the instniment the beams of 
hght from the two objectives 0, O' both pass through the same 
double-image prism K, which, consisting of a wedge of quartz or of 
Iceland spar cemented to a glass wedge, is approximately achromatic 



!Piq 283 — The Meridian Photometer 


for a mean value of separation of the images The position of this 
prism m the telescope is adjusted for each experiment, and is such 
that the extraordinary image of one of the stars to be compared is 
brought close to the “ ordinary ” image of the other, the two remain- 
ing images being stopped off In a later form of the instrument (2®) 
each beam of light passes through a separate achromatic prism, and 
the positions of these two pnsms are so adjusted for each experiment 
that the two required images in the double-image prism arc side by 
side when the latter is kept fixed at a pomt just within the common 
focus of the objectives In both instruments a rotatable Nicol N 
in front of the eyepiece gives, by the angle of rotation necessary to 
produce equality, the relative intensities of the images (see p 30) 
Each observation must be repeated with the position of the star 
images reversed m the field This is necessary, owing to the fact 
that the retma is not equally sensitive all over, so that there is 
generally a tendency to over-estimate the magmtude of the lower 
stars in any field This error may amount to several tenths of a 
magnitude (2^), but when it has been eliminated by reversal the 
visual method, using a good instrument, is capable of an accuracy of 
at least 0 1 magmtude for neighbouring stars Varying atmospheric 
condition prevent a similar accuracy when the stars to be compared 
are widely separated Sometimes an artificial star is used for the 
comparison m this case (22), 

The Wedge Photometer.— The third type of stellar photometer 
dependi^ on visual methods is the wedge photometer, described by 
de Maistre and extensively employed by Pritchard (23) The principle 
of extinction had been used m conjunction with variable diaphra^s 
or sector discs used over the objective (2*), but the accuracy attam- 
able m this way was not great, partly owing to errors due to diffrac- 
tion when the aperture was small (26) Pntchard used a wedge of 
neutral glass, which was placed in the path of the rays, forming a 
star image m a telescope. The wedge was moved across until the 
image just disappeared, and the ratio of the magmtudes of any two 
stars could rea(My be found from the distance between the positions 
of the wedge at which disappearance took place Eor if 0 be the 
a:^le of the wedge, and d the distance between the positions for stars 
whose intensities are Ij and then IJI^ = ^ 
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the absorption factor of the material of the wedge (see p 116) Hence 

— mg = /xarf tan 0, where /a is the modulus of common logarithms. 
A movable double wedge of the form shown in Pig 106 (p 179) is 
preferable to the single wedge (^®). The wedge may be cahbrated 
directly by comparing the results obtamed % its use with those 
obtained by an objective diaphragm or any other device for producmg 
a diminution of light mtensity in a star image (2’). 

It is clear that the readings obtained on any single occasion with 
this photometer, as with every photometer based on visual acuity, 
will depend to a certam extent on the state of the observer’s eye and 
its recent history, as well as on other circumstances of the experiment, 
even assuming the use of an artiQoial pupil The effect of removing 
the eye from the instrument in order to read the scale on the wedge 
is appreciable, and this has been avoided by the provision of a 
device for automatically recording the position of the wedge by the 
depression of a lever, the eye remaining m position at the eyepiece (^®). 

The Purkyn6 effect (see p 65) still remains, however, and smce 
stars compared may differ considerably in colour, it is clear that an 
error of considerable magnitude may be introduced by this effect, 
and this has been found actually to be the case (2») 

Photographic Methods. — Although a vast amount of useful work 
in stellar photometry has been done by visual methods (®®), it will 
be clear from the brief account given above that there are special 
features in this particular problem of photometry which make 
physical methods more promising for accurate work if these are 
carefully developed with due regard to the necessity for bringing the 
results obtamed by pui'ely physical means into agreement with those 
which would be obtained visually 

Of the physical methods available, radiometric methods seem to 
be the least promising, on account of the exceedingly small amount 
of radiant energy available (^^) Selemum bridges have been used 
to a small extent (®2), but the principal work in tins branch of stellar 
photometry has been by methods depending on photography and on 
the use of photo-electric cells, and these will be described briefly in 
what follows 

It has already been pointed out m Chapter XI (p 332) that a 
photographic plate possesses the great advantage of bemg able to 
perform a time integration of the light reachmg it Unfortunately, 
however, length of exposure and increase of intensity are not exactly 
equivalent m producmg blackemng of a photographic plate, and 
the cormection is found to be different for different t 3 ^es of plates 
(see note ('^®), p 338) The relation may, however, be determined 
for any given plate by subsidiary experiment Two methods are 
in general use for steUar photometry by photographic methods In 
the first of these an image of the star to be measured is focussed on 
the plate. The magmtude may then be determmed from a measure- 
ment of either the intensity or the diameter of the image, for, owing 
to shght imperfections in the optical system of the telescope, the 
image of a star is not a mathematical pomt, but a disc, which more or 
less rapidly decreases in intensity from the centre outwards It 
follows that increase in either the brightness of the star or the time 
of exposure wall cause an enlargement of the area, over which per- 
ceptible darkenmg takes place. From what has been said concermng 



428 


PHOTOMETRY 


the effect of exposirre on blackening, it naturally follows that the law 
connecting diameter with exposure is dependent on the particular 
plate used. Various empirical formulse have been proposed at 
different times (®^), the most used being, probably, the Greenwich 
formula m = a — n^/d where a and n are constants (®®). The 
formula, m = Bl{d + 0), B and C being obtained independently 
for every plate and exposure by comparison with visual magm- 
tudes (®®), IS useful as a means of comparison of stars photographed 
at the same time on any one plate. The magmtude of an 
undetermined star may thus be found by comparison with reference 
stars photographed on the same plate (®^), the magnitudes of these 
reference stars having previously been determined visually (®®) 

It is to be noticed that the values of the constants in any formula 
which may be employed are hable to vary with the colour of the light 
from the star photographed, smce it has been found that the photo- 
graphic plate shows an effect which is analogous to the visual 
Purkyne effect (®®). 

The Grating Method. — scale of magnitudes may be formed from 
one star at a smgle exposure by placing over the objective of the 
telescope a coarse diffraction grating (see p 26) formed of wires 
spaced at equal mtervals The effect of such a gratmg is to convert 
each star image mto a hne of separate images of gradually dimimshmg 
brightness If the thickness of the wires be t and the breadth of the 
spaces between them s, the distance apart of the images -j- s), 

where / is the focal length of the telescope objective and v the wave- 
number of the hght Further, it can be shown that the ratio of 
the bnghtness of the nth. diffraction image to the bnghtness of the 
central undiffracted image is \ns7rl{s + i)}2/sin2 {nsrrl{s + ^)}, and 
thus, from a knowledge of s and the relative magmtudes of the 
series of diffraction images is accurately known If, then, two stars 
be photographed side by side on the same plate m this manner, their 
magnitudes may readily be compared by deter minin g between which 
pair of diffraction images of the brighter star the central image of the 
lesser star appears to fall in order of density. 

There are several considerations which hunt the apphcation of 
this method in any particular case. It is clearly necessary that the 
diffraction images should be distmct from one another, and, as the 
formula for their separation shows, an upper limit is thus set to 
(i + is) for any given value of / and v On the other hand, it is seen 
from the same formula that, smce the light forming the image is not 
monochromatic, each diffraction image will be spread out mto a 
spectrum to an extent depending on (i ) the frequency range of the 
hght, and (li ) the value of //(i -j- s). Hence it is desirable that 
+ 5 ) should approach as closely as possible to the permissible 
maximum The value of {s t) may therefore be regarded as fixed 
withm a very narrow range The respective values of s and t must 
be determined by a compromise, for, on the one hand, the absolute 
brightness of the images naturally increases with s, so that t must 
not be too great if the loss of hght is not to be excessive, while, on 
the other hand, the formula for the brightness ratio shows that 
increase of s produces a rapid increase of ratio, so that the scale 
becomes too coarse and the number of images too small (^^). 

Comparison of Densities. — ^The relative magnitudes of two stars 
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may be estimated by comparmg the densities of their photographic 
images instead of the diameters of these images For this purpose 
the image of one star may be compared with a senes of images of 
another star obtamed with gradually increasmg exposures. The 
comparison may conveniently be earned out with a duplex micro- 
scope in which, by means of two widely-separated objectives with a 
common eyepiece, the images of two objects may be viewed side by 
side for purposes of comparison (^ 2 ), 

More accurate results can be obtamed, when the light available 
is sufficient, by using images which are considerably out of focus, so 
that they no longer vary appreciably in size, but only in density (*®). 
The density measurement is readily made by some form of micro- 
photometer (see pp 393 et seq.) or otherwise (^). One of the chief 
sources of error m this method is sky fog, the effect of which is 
naturally greatest for the lesser magnitude stars A visual 
method depending on the use of an out-of -focus image has also been 
described (^*) 

It will be obvious that the results obtained by any photographic 
method will not agree with those found visually if the stars being 
compared differ in colour {^'^) To overcome this difficulty the 
so-called photo-visual ’’ method is used, in which a colour filter is 
interposed m the path of the 


hght, the transmission curve 
of this filter being such that, 
for the particular kind of 
photographic plate used (iso- 
chromatic) the sensitivity 
curve of the combmation 
approximates to that of the 
eye (^®). A comparison of the 
results obtamed by this 
method with those obtamed 
with an ordinary plate gives 
useful information concermng Battery 
the colours of the fainter 
stars (^®). 


A 
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The Photo-electric Method. 

— ^The most recent develop- 
ment m stellar photometry 
has been the mcreasmg use of 
the photo-electric cell (see 
p 326) Smee the cell 
measures the total energy 
incident on it, and not the 
lUummation, an out-of-focus 
image may be used, and its 
size IS without influence on 
the result, so that the per- 
fection of the optical per- 



formance of the telescope is 284 — Photo-electno Stellar Photometry 

unimportant A convement 

arrangement for the apparatus is shown diagrammatically in 
Eig. 284 (®®) AA is the ocular end of the telescope, the image 
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of the star under observation being formed within a small aperture 
in the diaphragm so that the energy from this star alone reaches 
the cell. The reflectmg pnsm G and auxihary telescope Z) are 
provided for the purpose of positiomng the image at G is swung 
out to the side when a measurement is made, and the light passes 
on to the photo-electric cell M, which is enclosed in a light-tight 
box KK open only at where a glass filter may be placed The 
electrometer W, which is used for the measurements, is attached to 
X by a Cardan suspension, which allows it always to remain vertical 
as the telescope moves round, or if a string galvanometer be used 
it may preferably be attached rigidly to the case containing the 
photo-electnc cell (®^). The cell may be of any ordinary t 3 ^e, such 
as those described m Chapter XI. of this book. It is desirable to use 
a colour filter m order to brmg the sensitivity curve of the cell into 
approximate comcidence with that of the eye With due precautions 
an accuracy approaching 0 01 mag can be obtamed (®^), as compared 
with 0‘04 mag. with a polansmg photometer (®®), or by the photo- 
graphic method 

A particularly valuable apphcation of the photo-electric cell to 
stellar photometry is m the study of variable stars 

Other Problems. — ^In addition to the determmation of stellar 
magmtudes, there are vanous problems of celestial photometry 
which it IS impossible to do more than mention here. Such are the 
measurement of bnghtness of different parts of the sun’s disc (^®) 
and of the corona (®7), the brightness of nebulae (®®), the general 
brightness of the mght sky (®®), and the brightness of the sky in the 
neighbourhood of the sun (®®) 

The spectrophotometry of celestial bodies is also a subject of 
great and growmg importance in astrophysics A simple measure 
of the colours of stars may be made by finding their relative magm- 
tudes at (hfEerent parts of the spectrum, usmg a visual method and 
inserting coloured media m the eyepiece of the telescope (®^). 
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CHAPTER XVI 


THE PHOTOMETRIC LABORATORY 

The object of the present chapter is to give a brief description 
of the accommodation required for a small photometric laboratory, 
and of the more important auxiliary apparatus needed for use m 
the different branches of photometric measurement dealt with m the 
foregoing chapters It will be assumed that the laboratory is to be 
eqmpped for the following work * (i.) The measurement of candle- 
power m a single direction, and of the total flux given by a source 
of hght of any kind ordinarily met with in practice , (u ) the determi- 
nation of candle-power distribution in the horizontal and vertical 
planes for any source or for any hghting fitting, shade, reflector, 
etc i (id ) the measurement of illummation and the cahbration of 
illununation photometers , (iv ) the spectrophotometry of light 
sources and the measurement of spectral transrmssion or reflection 
curves of coloured media , (v ) physical photometry , (vi ) the 
life-testing of electric incandescent lamps or of gas burners and 
mantles , (vii ) the determination of candle-power distribution 
from projection apparatus In many laboratories, no doubt, one 
or more of the branches of work enumerated above need not be 
considered, and it will frequently be found impossible to provide the 
full accommodation or the whole of the apparatus mentioned below. 
The following descnption is intended mainly to serve as a guide by 
which the actual requirements in any particular laboratory can be 
approximately estimated with due regard to the special circumstances 
of each individual case (^). 

In considering the general design of the buildmg it should be 
remembered that it is generally imdesirable, if not impossible, to 
carry on two sets of photometric measurements simultaneously in 
one room owing to the general necessity m photometnc work for 
avoidmg the presence of any lights in the room other than those 
actually bemg compared. It follows, therefore, that a number of 
small rooms must be provided if much time is not to be lost A very 
convement size for a small photometer room is about 20 by 24 feet, 
as such a room will comfortably accommodate a 6-metre bench in 
addition to the necessary tables, desk, etc At the same time it is 
very desirable to have one room at least 100 feet long for the measure- 
ment of sources of high candle-power and polar curve determinations 

Power Supply. — Before the different rooms are described in 
further detail, the general electrical supply for the laboratory must 
be considered, since this affects with almost equal importance every 
branch of photometric work 

For work of precision, such as candle-power measurement to an 
accuracy withm 1 per cent , the supply voltage must be absolutely 
steady, and nothing but a storage battery or battenes can be used. 
Other things being equal, two batteries of 100 amp.-hrs. capacity 
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each are more convement than one of 200 amp -hrs , unless lamps 
taking over 6 amps, are likely to be worked with frequently. 
The highest potential available should be at least 300 volts, smce 
240-volt lamps are common and it is often necessary to measure 
these at an excess voltage of 10 to 15 per cent The method of 
splitting up the battery mto sections is very important. Since 
two workers using the same battery must necessarily tend to affect 
each other, the voltage in one room rising, perhaps, 0-1 per cent 
when the circuit in another room is switched off, it is a convenience 
to have the battery so spht that, iE only 100 to 120 volts are required 
in each of two rooms, the circuits m these rooms can be run off two 
separate poiliions of the battery. In addition to tins, it is very 
convenient m measuring low-voltage lamps taking a large current 
to be able to use a few cells from the battery mstead of having to 
absorb a large amount of energy m resistances. Eor these reasons it 
is generally found convement to divide a 300-volt battery into, say, 
five sections of thirty cells each, and then to subdivide the two 
end sections still further. If a 100-volt supply be used for charging 
the battery, the 60-volt sections can be connected m parallel for 
chargmg purposes. A convenient scheme of sub-division is that 
indicated m Pig 286, which also shows the method of distribution 

to different rooms in the 


I laboratory. It wiU be seen 

I [j i that, by means of the 

I 10 ^ M flexible connectors joinmg 

/I 20 ■ — M the battery bus-bars to 

30 1 — ^ the plugs connected with 
^ 40 j terminal boards in the 

) = _ j different rooms, any desired 

j potential may be obtamed 
100 1 room in the 

120 : bmldmg. 

3 . 180 ; A special room, isolated 

“0 ; as completely as possible 

^ I 220 I from the rest of the 

, I '' laboratory, should be pro- 

t- 1 250 ; for storage bat- 

22 ° ; teries, while generators 

\— ^ __ -280 I should be located as far 

290 ^ possible from rooms in 

300 I W it may be necessary 

to use sensitive galvano- 
Fio 286 — The Battery Distribution Board meters. 

It may be mentioned 
in passing that, m order to avoid mterference between two circmts 
run off the same battery, when either or both have to be switched on 
and off frequently (as m measuring a number of lamps in succession), 
it is customary to use a “ dummy ” or “ balance ” circuit method, that 
is to say, when a circuit is switched off, an artificial load, consisting of 
one or more electric lamps m parallel, is put on the battery at the 
same instant by means of a two-way switch, as shown m Fig 286 If 
the current taken by the balance cu:ouit is nearly equal to that taken 
in the test circuit, no disturbance of the battery voltage is caused 
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The Photometer Boom. — ^As all photometric worlc must depend 
ultimately on the measurement of candle-power by means of com- 
parison with sub-standards on the photometer bench, the room or 
rooms in which this work is earned out may be regarded as the basis 
of the photometric laboratory The bench room, as it may be called, 
IS convemently of the size mentioned above It contains a bench 
mounted on ngid supports, so that the eyepiece of the photometer 



Supply 

Fia 286 — The Balance Oirouit 

head is at a convement height for an observer when seated. It also 
contains (i.) a table, upon which may be placed the lamps and 
fittings to be tested, small pieces of apparatus in current use, eto , 
(ii ) a desk for the use of the observers, (lu ) special cupboards for 
stonng the sub -standards, working standards and companson 
lamps, (iv ) an ordinary cupboard for stonng small apparatus, 
(v ) a table or bench to accommodate the potentiometer and other 
apparatus for the precise control of the electnc lamps, and (vi ) a 
table for the auxihary apparatus required m the photometry of gas 
lamps The bench room should be provided with a set of fixed 
sector discs accurately cahbrated as described in Chapter VI (see 
P 179) 

The mam hghtmg of the room should be controlled from a point 
near the bench as well as from the door The electncal measuring 
instruments and the scale on the bench (Pig. 76, p 149) should have 
separate individual hghtmg by low candle-power lamps completely 
shaded from the observer’s eyes (2) When the general hghting is 
not m use no surface in the room should have a greater brightness 
than the photometer field It has been said already that the larger 
part of the errors made in photometry are due to stray light reaching 
the photometer head Although the screening system described on 
p. 170 should be sufiScient to avoid any possible error from this cause, 
the custom of pamtmg the walls and ceiling of a bench room a dead 
black IS one to be recommended (®) The room should, for hygiemc 
reasons, have an adequate number of windows, and these should be 
provided with internal shutters blackened on the mside so that the 
dayhght can be completely excluded when measurements are in 
progress It is convement to have a vestibule to aU doors leadmg to 
rooms in which much photometric work is earned out {^), 

The Electrical Equipment.— Much of the work in an ordmary 
photometric laboratory is concerned with electric lamps, and, as 
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already stat-ed in Chapter VI , the most convement sub-standards 
and comparison lamps used in modem photometry are electrical. It • 
follows that two very important parts of the installation in the 
bench-room are the means provided for the ready connection of 
lamps on the bench to a source of electric supply, and the apparatus 
used for the adjustment and accurate measurement of potential and 
current 

Smce for a tungsten lamp the candle-power vanes at about 
3*7 tunes the rate of the potential, while the potential vanes nearly 
twice as much as the current owing to the high positive temperature 
coefficient of resistance of tungsten (®), it follows that the electncal 
measurements should be to an accuracy of at least 0 1 per cent, 
in ordinary work, and 0 02 per cent, in standardisation. The best 
form of mdicatmg mstmment is sufficient in the former case, but. in 
the latter a potentiometer method of measurement must be used (®j 
Either potential or current may be used as the basis for photometric 
work The latter possesses the advantage that the current measured 
must^necessanly be that actually passing through the lamp filament, 
so that potential drop at the lamp termmals or in the leads may be 
Ignored On the other hand, potential measurement is, as stated 
above, nearly twice as sensitive, and if care be taken to avoid bad 
contact and, by means of a separate pair of leads, to measure as close 

as possible to the lamp terminals, the 
errors due to voltage drop can be 
ehminated 

A convement form of bayonet 
lamp holder, m which provision is 
made for measunng potential at the 
lamp contacts, is that shown m sec- 
tion m Eig 2S7, which is self-explana- 
tory Similar holders for screw-capped 
lamps are also required ('^). If the two 
pairs of leads be each terminated in a 
small ebomte holder such as that 
shown in Fig 288, connection to the 
tenmnal board fixed on the photo- 
meter bench (T in Fig 76) is quick 
and easy (”) In the case of sub-stan- 
dards mounted specially as described 
on p 137, the potential is measured 
across the ends of permanent leads 
which are soldered to the lamp con- 
tacts The leads are then connected 
to either pair of terminals on the 
termmal board, and the correspondmg members of each pair on the 
board are connected by means of short horizontal copper strips 

The method of control by potential will be descnbed here, but it 
will be seen that the same circuit, with the omission of the auxiliary 
pair of potential measurmg leads, is equally suitable when current 
control IS employed (®) The system of electrical connections is 
shown m Fig. 289. Two or more pairs of leads are brought from the 
battery distribution board to a termmal board m the bench room. 
One of these crrcuits is connected through a regulatmg resistance 
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and a switch to the pair of terminals marked Lamp ” on the 
small ebonite terminal board fixed to the left-hand end of the 
bench (see Fig 76) I^rom this pair of termmals the lamp on the 
left of the photometer is fed directly The potential across its 
contacts is measured by means of the auxihary leads, which, by 
way of the other pair of termmals, marked “ Volts,” are 



Pig 288 — ^The Terminal Board on the Photometer Bench 


connected through a change-over switch to the ends of a constant 
high resistance iJg, generally 10,000 ohms This resistance has 
tappmg-off pomts at 100 and 1,000 ohms, so that either one- 
hundredth or one-tenth of the potential across the lamp contacts 
may be measured by means of the potentiometer P, usmg a Weston 
cell W as the standard of potential, and a galvanometer 0 For the 
purpose of current measurement the small resistance is mcluded 
in the circuit supplying the lamp The value of this resistance is 
1 or 0 1 ohm, according to the magmtude of the current to be 
measured, and its value should be accurate to at least 1 part m 10,000 
for precision work By measuring the potential Pg across this 
resistance the current in the lamp circuit is known, bemg 
Allowance must, however, be made for the small current wliich is 
flowing in the potential circuit, for this circuit contains the resistance 
Pg, so that from the measured current must be subtracted the 
current through Pg, viz , EJR^j where E^ is the measured potential 
across the lamp terminals 

The electrical connections to the lamp on the right of the 
photometer may be made m an exactly similar way, but it is generally 
more convement to use the same potentiometer for both lamps, and 
this is achieved by usmg a double-pole change-over switch at /Sg 
A separate battery or other source of supply is preferable, but the 
same source as that supplymg may be used 

In the substitution method of photometry, which is the one most 
frequently employed in accurate work (see p 161) the lamp has 
to be mamtamed at a constant candle-power, and therefore at a 
constant potential, throughout a senes of photometnc measurements. 
Its potential is adjusted at the beginning of the series and checked at 
mtervals durmg the course of the work. If, however, the source of 
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vanation of current due to ch^a^^f fil external load, or even th 

battery is being used for Z nnif lamp Z^ when the sam 

oeing usea tor Z^ and Z^, then it is unsafe to assum 
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ineasurementfcj should be made at intervals of not more than twenty 
minutes to haK an hour. 

The voltmeter should be shunted with a high balancmg resistance 

which is equal to and which can be open-circuited when the 
check measurements are bemg made. By this means the current in 
the potential circuit of is maintamed at the same value whether 
the potentiometer be connected to it or not The Kelvin electro- 
static voltmeter may convemently have a circular scale of about 
10 feet radius, on which 1 volt is represented by about 2 inches m the 
100-volt region 

It will be clear that the difficulties met with in makmg the 
electrical measurements necessary in photometry are, in the mam, 
those met with in aU kinds of precision electrical work Faulty 
insulation, often due to surface leakage over exposed ebomte parts, 
or over wood, may be a source of considerable trouble and can only 
be cui’ed by thorough cleamng, although such expedients as immer- 
sion in paraffin wax may prove efficacious Loose contacts manifest 
themselves by unsteadmess of indication on the measunng instru- 
ments It may, perhaps, be mentioned here that some electnc lamps 
develop an inherent unsteadiness due to uncertamty of contact 
between the filament and the leading-m wires (see p 138) This 
may be detected by gently tapping the lamp while ahght, the 
galvanometer key on the potentiometer bemg held down con- 
tinuously. If the lamp be unsteady the spot wiU be ]erked to one 
side or the other at every tap 

In laboratories where the accuracy aimed at is not so high, or 
where it is impossible for some reason or another to adopt the 
methods of electrical supply and measurement described above, 
considerable simplifications may be made m the arrangements of 
the photometer room Indicating instruments of the laboratory 
standard t 5 rpe with large scales may, with suitable precautions, be 
used m place of the potentiometer and Kelvin voltmeter (^^), but 
even in the most approximate photometry the electricity supply 
from the pubhc service mams is too unsteady for use in the ordinary 
way If, however, two electric lamps of the same type, are bemg 
compared, so that the candle-power/voltage characteristics are the 
same on both sides of the photometer, the two lamps may be put 
in parallel on the outside supply (^^), and if the voltages be adjusted 
so that both are correct at any instant, the photometric comparison 
will remam vahd to a reasonable degree of accuracy m spite of 
fluctuations of voltage during the course of the observations 
Tungsten vacuum lamps may be compared in this way quite satis- 
factorily, and tungsten vacuum lamps may be compared with gas- 
filled lamps if the voltage changes do not exceed 1 or 2 per cent. 
Tungsten filament and carbon filament lamps, however, cannot be 
so compared, smee the exponent n m the voltage-c p relationship 
7 = aF” is approximately 3*6 for tungsten and 5 to 6 for carbon 

lamps (see App. 2^., p. 481). , ,, , j 

When flame sources are being measured the above procedure 
cannot be followed, and either a flame standard $uch as the pentane 
or Hefner lamp must be used (see pp 127, 129), or some automatic 
device for regulating the voltage on an electric sub -standard may 
be employed. Such a device is that shown m Fig. 290. It consists 
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of an unbalanced Wheatstone bridge, of which the opposite a 
AG, BD are of tungsten lamps in parallel, while BG and AD 
constant resistances, A rise of voltage across AB produces 
increase m the current flowmg through the lamp ai’ms of the bnc 
and this, owing to the positive temperature coefficient of resists 
of tungsten, causes an mcrease m the resistance of AO and 
which, if the relative resistances of the arms be properly proportior 


c 



is sufficient to maintain the potential across GD at its original vali 
It follows that a sub-standard lamp may be placed m circmt acr< 
GD as shown, and will not be affected by fluctuations of the supj 
voltage across AB It has been shown that with 240 vo 
across AB the resistances of the arms AG and BD should be 90 ohr 
and of BG and DA 120 ohms, m order to maintam a constant potent 
of 68 volts across GD when the current m this circuit is 0 2 an 
The regulation is then within 0 1 per cent voltage for a vanati 
across AB of 5 per cent. 

When flame standards are used for the measurement of flai 
sources, it is frequently assumed that the effect of changes 
barometnc pressure and humidity are the same for the lamp bei 
measured as for the standard. Though the corrections for the 
conditions are m the same direction for aU flames, and they a 
generally of the same order of magnitude (not more than twice 
great) for an open gas flame as for a pentane lamp (^^), the sar 
assumption cannot Sways be made in the case of mantle flames, 
which the conditions governing the lummous efficiency are altogeth 
different (^®). For this reason a mantle lamp is often used as 
comparison lamp m gas photometry (see p 140) 

If mdicating instruments be used m place of the potentiomet€ 
they may be connected m either of the two ways shown m Fig 29 
In the &8t arrangement the voltmeter V is placed m parallel wn 
the lamp, and the current taken by it must therefore be deduct« 
from the current indicated by the ammeter A in order to obtain tl 
true lamp current In the second arrangement the voltmet 
measures the potential drop across both ammeter and lamp, so thi 
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!Fig 291 — ^Alternative Arrangements 
of Measuring Instruments 
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the potential c^op m the ammeter must be subtracted from the 
indication of V m order to obtain the true voltage apphed at the 
lamp terminals if switch changing from the test lamp to 
the balance lamps (see p. 436) be on 
the lamp side of the indicating mstru- 
ments, the latter are always used 
with the coils heated to the same 
temperature. 

^ It should be noted that all elec- 
trical indicating instruments require 
cheeking at frequent intervals by 
means of a potentiometer. 

The Gas Equipment.— For the 
purpose of testmg gas lamps the 
bench room should be provided with 
an adequate gas supply by means 
of pipes of large bore (2J inches at 
least) running round three sides of 
the room and having a large number 
of outlets, so that the necessity for 
using long flexible connection pipes 
may be avoided. It is a great con- 
venience, and a necessity if accurate work is to be undertaken, 
to have a second supply system fed from a compensated stan- 
dard gas holder of, say, 5 cubic feet capacity, situated m the 
neighbourhood of the bench room. This may be filled before a test 
is commenced, and its use will ensure that the quality of the gas 
used does not vary during a set of measurements. Further, it 
enables pressures m excess of the normal supply pressure to be 
obtamed when required For work on high-pressure gas a small gas 
compressor is required. 

The measun^ apparatus required in gas photometry includes 
(a) a consumption meter, (6) a pressure regulator, (c) a pressure 
gauge, (d) a calorimeter, and (e) apparatus for determining the 
atmospheric conditions, viz , pressure, temperature and humidity (^®). 

The consumption meter used may be of any standard form Two 
meters are generally needed, one for single burners, where the 
consumption hes between 3 and 7 cubic feet per hour, the other for 
the higher consumptions which have to be measured when cluster 
burners are tested A Gas Eeferees’ ^ cubic foot measure (^®) or a 
6-foot meter prover should also be available for checking the con- 
sumption meters periodically If high-pressure gas be used, a special 
meter designed to give accurate readings of consumption at the 
pressure m question must also be provided 

The pressure of the gas shoifid be regulated both before and 
after it passes through the meter * Any ordinary form of regulator 
may be used for this purpose The pressure gauge may consist of 
a simple U-tube containing water or, if high-pressure gas is being 
used, mercury. It should be placed between the second pressure 
regulator and the burner, so that the pressure measured is that 
actually provided at the burner inlet This is important, smce in 


This does not apply in measuring oalorifio value 
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mantle Jampd tjie change of candle-power is about 2 iier cent 
per tenth of an inch of water, assuming a normal pressure of 
2*5 inches In the case of high-pressure burners the variation 
of candle-power is about 1^ per cent for every inch of pressure 
vanation from an assumed mean of 50 inches of water 

A very important factor m the photometiy of incandescent gas 
burners is the calorific value of the gas used, for it has been found 
that the candle-power of a mantle mcreases by about 1 per cent, 
for every 1 to 2 per cent increase m calorific value (^2) It is there- 
fore necessary to measure the gas with a caloiimeter every time 
photometric measurements are made, since the calorific value may 
vary by several per cent from time to time The t 3 ^e of calorimeter 
generally used is the Junkers (^) or that designed by C V Boys (^) 
The latter is descnbed m the Notification of the Metropolitan Gas 
Referees for 1923, and is shown in section in Fig. 292 It consists 

of a base holding a double 
burner, at which the gas 
to be measured is burnt 
at the rate of 4 to 5 cubic 
feet per hour A steady 
flow of water passes 
through the coiled copper 
pipe P, P, and the inlet 
and outlet temperatures 
Pi and Pg measured 
when a steady state has 
been reached If the 
quantities of water and 
gas entering the calon- 
meter m a given time be 
respectively W htres and 
0 cubic feet, the gross 
calorific value of the 
gas (25) is 1 , 000 (P 2 - Pi) 
WjQ calones per cubic 
foot, Pi and Pg being 
Gas measured in degrees Cen- 
tigrade. This figure is 
converted to British Ther- 
Pia 292 —The Boys’ Calorimeter Bial Units per CublC f OOt 

by multiplying by the con- 
stant 0*003968. Small correction factors are apphed for {a) differ- 
ence between the room temperature and the temperature of the air 
and products of combustion leaving the calorimeter, and (6) the 
barometnc pressure and room temperature The method of making 
these corrections and the procedure to be followed m carrying out 
a test are described in the Notification of the Metropohtan Gas 
Referees for 1906. 

The calorimeter may be cahbrated from time to time by usmg 
hydrogen instead of coal gas. The gross calorific value of hydrogen 
IS 344 B.Th.U per cubic foot. To obtain the net calorific value, the 
heat evolved m the condensation of the water vapour formed in 
combustion must be subtracted from the total heat calculated as 
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above The water condensed in any given time is collected at 
the tap F, and its weight m grams (^ e., volume in c c ) multiplied 
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by 620 (the approximate heat 
of condensation from vapour 
at 100° to liquid at room tem- 
perature) gives the amount of 
heat (C) evolved in condensa- Outkt - — 
tion during that time If the 

time of flow used m the —"fa-TT • 

measurement of the gross 
calorific value be the net 
value IS given by 

calories per cubic foot 

The general arrangement 
of the auxihary apparatus may I j- 

be as shown diagrammatically *• 

in Fig 293 0 is the gas out- 

let from the feed pipes, G is 
the consumption meter, and 
the pressure regulators, and 
M the manometer or pressiue 
gauge, L being the burner A 
barometer and thermometer 
for recording the air pressure 
and temperature are required, 
as weU as a hygrometer for 
measuring the humidity The 
type generally employed for 
this work IS some form of ven- 
tilated instrument, such as the 
Assmann type, shown m sec- 
tion in Fig 294 (26). By 
means of the clockwork-driven yia 294 - 
fan P, air is drawn at a con- 
stant rate over the wet-bulb thermometer The readings of both 
thermometers are taken and the humidity is then found from tables 
given in the Smithsonian Meteorological Tables and elsewhere (2’). 
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Special Room for Photometry of Flame Sources— If much work 
on the candle-power of flame sources be contemplated, the laboratory 
should contain a special bench room, ]n which adequate ventilation 
can be secured (^®) in combination with an equable temperature, 
freedom from draughts and, as far as possible, constant humidity 
(see p. 130) The size recommended above for a bench room should 
be regarded as the rmnimiun admissible for work on flame sources, 
the height of the ceilmg being at least 12 feet. The room should be 
enclosed in a second jacketing ” room from which a steady supply 
of pure and warm air can be obtained by means of smtable light-tight 
openings These openings should have a total area of not less 
than 20 square feet, distributed among at least 50 opemngs more or 
less evenly spaced around the room 

Sub-standards. — The standards of candle-power used in the 
bench room and elsewhere in the laboratory should be lamps of 
special construction, as described on p 137, whose candle-powers 
have been determined at a standardising laboratory They should 
be handled with great care and should be stored in the bench-room 
in a cupboard specially fitted with shelves as shown in Pig 295. 

The upper surface of the shelf at -4, 
where the cap of the lamp rests, should 
have a washer of rubber or felt to 
prevent jarring when the lamp is put 
away. The lamps should always be 
stored in their normal burmng position, 

, upright m the case of the type of 
sub-standard described in Chapter V, 
The candle-power value assigned to 
each lamp is generally accurate to 
about one-quarter of 1 per cent It 
should be marked on a small label tied 
to the flexible lead attached to the 
lamp (®®). This label should also show 
(i ) the correct voltage of the lamp, (ii ) 
the distance from the photometer 
screen m millimetres at which the lamp 
gives an illuimnation of exactly 10 metre-candles, (ui ) the current 
taken by the lamp, and (iv.) the date on which the lamp was last 
standardised 

It may he assumed that a tungsten filament vacuum standard 
lamp will fall in candle-power at a rate not exceedmg 5 per cent 
per 100 hours of actual burmng, i.e , if used regularly for five minutes 
per day, its candle-power will decrease at a rate of about 1 per cent 
per annum The frequency with which it is sent back to the 
standardismg laboratory for restandardisation must depend on the 
number of times it is used and the period of use on each occasion , 
five minutes IS probably an under-estimate of the time taken for a 
standardisation by two observers (see p 165) Where much photo- 
metric work has to be done it is frequently found convement to 
have several sub-standards and to reserve one or more of these for 
chec king the others at intervals of two or three months Further, 
other lamps may be standairdised at the laboratory by comparison 
with the sub -standards issued by the standardising laboratory, and 
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these may be used for aU photometric work in which the highest 
accuracy is not required (®^) These lamps may be re-checked at 
frequent intervals so that changes in their candle-power values may 
at once be detected.* 

The current taken by a sub -standard should be measured on 
every occasion on which it is used for standardisation, and any 
difference greater than about 1 part m 2,000 from the value marked 
on the label should be regarded as an indication of some variation 
in the lamp itself, or else of some defect in the measuring apparatus 
involvmg, possibly, a slight error in the voltage apphed to the lamp 
The following table shows the results actually obtamed over a 
period of ten years in the re-standardisation of a satisfactory tungsten 
filament sub-standard lamp — 


Typical Performance of Standard Lamp at 100 Volts 


Date 

CP 

Amps 

February, 1913 

14 2i 

0 2337 

July, 1916 

14 Ig 

0 2338 

May, 1919 

14 Ig 

0 2338 

September, 1920 

14-0, 

0 2337 

July, 1922 

14 Og 

0 2336 


It is hardly necessary to repeat that the candle-power value of 
a lamp may be altered seriously by even a momentary excess voltage 
of more than about 6 per cent (®^) Most standards are somewhat 
under-run, so that a very slight excess voltage applied for a brief 
penod generally produces no change of candle-power. It is always 
necessary, however, after any such over-run to measure carefully the 
current taken by the lamp If this be unchanged, the lamp may 
safely be assumed to have received no harm If a change of current 
is found, or if the over-rumung has been at all severe, the lamp should 
be re-standardised before bemg used agam 

Sub-standards of mean spherical candle-power, for use in photo- 
metnc mtegrators, may convemently be kept in the sphere room. 
They should be treated in exactly the same way as other sub- 
standards, but if normally used in the pendent position when in the 
sphere, they should be stored in this position 

Heterochxomatic Photometry. — ^If work involving considerable 
colour differences has to be provided for, one or more of the methods 
of heterochromatic photometry described m Chapter VIII should 
be chosen as suitable for the particular kind of colour difference to 
be dealt with. If only sources givmg black -body distributions at 
various temperatures have to be measured, the provision of a 
set of sub-standards at various efficiencies is probably the most 
direct method. Alternatively, one or two sub-standards may be 

* In some laboratories the sub -standards are adjusted, in use, to a definite value of 
watts instead of a definite voltage This reduces the effective rate of deterioration of 
candle-power 
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standardised at a number of different efficiencies. This method, 
however, while economical in lamps, has the great disadvantage that 
the breakage or accidental over-running of a single lamp renders 
useless a number of valuable standardisations. 

When other than black-body distributions have to be compared, 
recourse must be had either to colour filters or to a flicker photometer. 
When gelatme filters are used, they should be stored away from 
daylight, since some of them are bleached by continued exposure 
to strong hght The transmission factors of colour filters should 
always be determined at a standardismg laboratory, and each filter 
should be marked indehbly so that there is no risk of confusing it 
with a similar filter which may have a shghtly different transmission 
factor. The box containing a filter should show (i ) the distinguishing 
mark of the filter, (ii ) its colour, (m ) its transmission factor, 
(iv.) the source and, in the case of an electric lamp, efficiency of the 
light with which the filter was standardised, (v ) the date of 
standardisation 

Illumination Photometers. — ^The bench room may conveniently 
serve as the permanent home of the illumination photometers used 
in the laboratory Each photometer should be kept in a separate 
case with its own standard surface, the latter being clearly marked 
with a reference to the partioular instrument with which it is used 
The containing case should bear a sheet giving (i.) the name and 
distinguishing mark of the photometer, (ii ) the correct voltage or 
current for the lamp, (m ) a list of correction factors or a reference 
to the instrument calibration curve, (iv ) the transmission factors 
of any neutral or coloured filters with which the instrument is fitted, 
(v.) the date on which the lamp in the instrument was first taken into 
use, (vi ) the date when the instrument was last checked on the 
photometer bench 

The Sphere Photometer Boom. — ^It is convenient to have a special 
room for measurements of total flux when these are earned out in 
an integrating photometer A separate bench can then be allotted 
to the work, and the bench and sphere can be kept fixed m relation 
to each other Further, the wmng of the sphere can be made 
permanent. It is, however, desirable to arrange the wirmg so that 
if the sphere be not m use the bench can be used for other work. 
The structural features, such as rails, overhead tackle, etc , necessary 
for enabling the sphere to be moved, or to be opened for periodical 
repainting, must be designed to smt the special circumstances of 
the case {®^) The sphere should, if possible, be so arranged that 
{a) the height of the translucent window, which governs the height 
of the photometer head, is convement for an observer when seated, 
and (&) the lamp in the sphere can be easily and quickly changed 
without any necessity for disturbing the observer at the photometer 
head Devices to achieve this have been desenbed already in 
Chapter VII , p. 219. 

Physical Photometry, — ^The rooms for spectrophotometry and for 
physical photometry require no special mention In the latter, 
accommodation must be provided for one or more sensitive galvano- 
meters, and the site should he so chosen that there is no trouble due 
to vibration from generators or to stray fields from heavy currents 
earned by cables passing near the room. If photo-electric cells be 
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used, one or more 100-volt batteries of small capacity will be required 
for use in this room alone. 

Spectrophotometry. — ^For spectrophotometer work a sub -standard 
of spectral distnbution is necessary. This may be either a “ black 
body ” of the form described m Chapter V , p. 132, or a sub-standard 
electric glow lamp, of which the spectral energy distribution curve 
at some known voltage and current has been determined by com- 
panson with a black body at the standardising laboratory 

For cahbratmg a spectrometer or spectrophotometer it is neces- 
sary to have various discharge tubes and a good induction cod 
(see p. 274). Suitable colour inters for use with the discharge tubes 
may also be required. 

Projection Photometry. — ^For the photometry of projectors a long 
room IS necessary Many pieces of projection apparatus, such as 
automobile headlights, should be tested at distances of 50 feet or 
more, so that 100 feet by 20 feet is the -mirnTnum size for the projector 
room. This should be provided with a white screen at one end, so 
that the distnbution of light m the beam of a projector may be 
examined visually It is most important that either the walls, 
ceiling and floor of this room should be kept as dark as possible, or, 
preferably, large portable screens should be set up at intervals along 
the room so that the standard surface of the photometer cannot 
receive Light from anywhere but a small region surrounding the 
source of light under test. These screens should be dimensioned and 
placed so that they act in the same way 6is the screens used on a 
photometer bench (see p. 170). 

Unless in frequent use for the photometry of projection apparatus, 
the projector room may convemently be used also for the measure- 
ment of the polar distnbution curves of large sources and fittings by 
means of the mirror apparatus described on p. 197. The candle- 
powers to be measured often cover a very wide range of magnitude^ 
even with a single source, so that either a very long bench must be 
employed or, preferably, a shorter {e.g 3-metre) bench may be 
mounted on a table provided with rollers, so that it can be moved 
bodily along rails laid in the floor for the whole length of the room. 
The table must be provided with a pomter which can be set at any 
one of a number of fixed marks on the rails These marks are 
generally at mtervals of a metre, so that the bench can be placed 
in such a position that the photometer head, when clamped at the 
zero end, is at such a distance from the source that the comparison 
lamp takes up a convement position on the bench, e g , between 
1,600 and 2,000 Tnillunetres. 

In this work, again, careful attention must be given to the 
arrangement of screens to give adequate protection from stray hght. 
Portable screens are required, too, for {a) covering the mirrors and 
(6) cutting off the direct hght from the lamp durmg the test (see 
p 199). The electrical measurements, both m the case of projection 
photometry and m the determmation of candle-power distribution 
curves, may be made with precision mdicating instruments, since 
m neither case can an accuracy better than about 1 per cent, be 
obtamed without very elaborate precautions 

Life Tests of Gas-lamps. — ^An important branch of the work of a 
photometric laboratory is, frequently, the hfe testing of lamps, 
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i e , the measurement of their candle-power at intervals during a 
long period of operation under controlled conditions {^) In the 
case of gas lamps, these may be set up m rows, a series of lengths 
of 2|^-inch pipe being arranged side by side, with outlets at convement 
mtervals. The pipes should on no account be placed one above 
another, but should be m a horizontal plane, preferably about 4 feet 
from the floor, with a gangway at least 4 feet wide between pairs, 
so as to facilitate removal of the lamps to the bench room for measure- 
ment The outlets for upnght burners may be placed at intervals 
of about 8 or 9 inches ^ong the pipes In the case of mverted 
burners, however, the interval should be at least 12 to 16 mches. 
It IS convement to have each burner connected with the pipe by 
means of a weU-fittmg cone joint, so that lamps can be removed with 
as httle mechamcal shock as possible. The room used for the life 
tests should be as close as possible to the bench room m which the 
photometric measurements are made. Mica chimneys may be used 
dunng a hfe-test run, but naturally the photometric measurements 
should be made with the chimneys normally used with the lamps 
Each chimney should be cleaned before each measui*ement, and, 
unless the mean horizontal candle-power be measured, core should 
be taken vo ensure that the same part of the chimney and the same 
side of the mantle face the photometer head on the occasion of each 
measurement Burners should be attended to dunng a life-test run 
Just as they would be m normal use under good conditions, ^ e., dust 
should be blown out and the air and gas regulation adjusted at 
specified intervals. Candle-power measurements are often made 
initially {% e , about half an hour after burning off), and at 26, 100, 
300 and every subsequent 200 hours Frequently no photometric 
measurements are made after 300 hours (®®), as the fall in candle- 
power is generally exceedingly slow after this period of burning, and 
the chief interest of the further test is to determine how long the 
mantle wiU remam mtact. 

The pressure of the gas supplied to the hfe-test lamps should be 
carefully regulated, and a recording pressure gauge should be attached 
to the supply at some convement pomt as near the burner pipes as 
possible. The calorific value of the gas should be measured at least 
once a day dunng the test. 

Arrangements for the Rapid Measurement of Lite-Test Lamps. — 
When the lamps have to be moved to the bench room for makmg the 
photometric measurements, it is necessary to allow at least twenty 
mmutes to elapse after a mantle has been lighted before the candle- 
power IS measured (see p. 169). The considerable delay thus caused 
may be avoided by making the measurements m the hfe-test room. 
The apparatus is shown m plan in Fig 296 is a table carrying 
a 3-metre photometer bench and movmg along the room on rails 
jB, JR Lq is a companson lamp, and P a Lummer-Brodhun photo- 
meter head The gas burners Pg, etc , are arranged in a 

Ime parallel to, and at a fix;ed distance (say, 1,600 mm ) from, the 
bne of travel of the bench zero. Lg is a sub -standard lamp m the 
same straight hne with P^, Pg, etc During the hie run the burners 
are supphed from the pipe P, but by means of a three-way tap each 
one in turn can be transferred to pipe P, so that while its candle- 
power is bemg determined its consumption can also be measured 
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by means of the meter M. The photometno procedure will be cleajr 
from the figure. The fbsed distance for Lq is first determined in the 
ordinary way, with the bench opposite Lg. Several sub-standards 
are used for this determination, as described m Chapter VI. The 




Fig 296 — ^Life Test Arrangements for Gas Mantles 

bench, is then moved until it is opposite burner say , this burner 
IS, by means of its three-way tap, transferred to pipe and the 
photometric measurement is made as usual Similarly, etc , 

are measured in rapid succession It will be seen that, owing to the 
fact that all the burners are ahght, special attention must be paid 
to the screenmg of the photometer head on both sides. 

The particular arrangement above described may clearly be 
modified in many ways to suit local conditions (®®), but the essential 
feature is that by making the measurements on the mantle in situ not 
only is delay avoided in maldng of the measurements, but, further, 
there is no risk of damage to the mantle while the burner is being 
transferred from the life-test room to the bench room. 

Life Test of Electric Glow Lamps. — ^Electric lamps have to be 
tested for hfe on a supply of which the mean voltage is carefully 
regulated to an accuracy of about 0-1 per cent , momentary fluctua- 
tions not exceedmg 1 per cent. They may be run either at a 
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The resistance m series with a lamp is, to the nearest tenth of an 
ohm, of the correct value required to give the necessary drop of 

j - 

'Q/ 'Rack, of Lamps 

^^ltmctep 
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Fig 298 — ^Arrangements for Life Test of Eleotno Lamps 

potential between the rack leads and the lamp terminals. Eor 
example, if the i^hest voltage of all the lamps on the rack be 
the rack potential is adjusted to by means of R, and a lamp 
requiring E^ volts, and taking a current I, has a resistance of 


Adjusbng Rcsistonee 



Fig 299 — Set-up for a Life Teat Lamp 


(^1 — E 2 )II placed m senes with it The general arrangement for 
a single lamp is shown in Fig 299. 

The supply must be from a storage battery if a test on direct 
current be required. For a test on alternatmg current the mosr 
convenient arrangement is that in which a generator, governed by a 
form of automatic voltage regulator, such as the Tirrill or Brown- 
Boveri (^), supplies an autotransformer with a number of tappings 
in oonvement voltage steps. A continuous record of the voltage on 
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the supply should be kept by means of a recording voltmeter. The 
racks are inspected at convenient time intervals, and lamp failures 
are noted (^®). It is generally suflicient if the period of buriung of 
each lamp be known to the nearest ten or twelve hours . Alternative! y, 
some automatic device may be used for recording the lamp 
failures (^®). 

The candle-power and current measurements on a lamp are 
usually made at rated voltage for the sake of uniformity. In a test 
at normal efficiency (1,000 hours) they are often made at the expira- 
tion of 100, 200, 300, 500, 760 and 1,000 hours from the commence- 
ment of the test (^'^) No attempt is made to readjust the voltage, 
as the efficiency of the lamp changes during the life If the filament 
of a lamp fracture during actual burning it is removed from the 
test and noted as broken, even though the loose limb of the filament 
may fall across another portion and so cause the lamp to continue 
burning. If a filament fracture during handlmg, the lamp is con- 
sidered to be accidentally broken, and the results on it are not 
included in the life-test figures (^®). 

In order to avoid the long delay caused by a full 1,000-hour test 
and the cost of the power consumed in such a test, especially in the 
case of high wattage lamps, it is often desirable to carry out a 
“ forced ’’ life test, ^ e , a test with the lamps running at a voltage 
at which they have an efficiency which is some definite fraction, 
5 or 10 per cent., above the normal efficiency A correction factor 
18 then apphed to the results of such a test in order to arrive at the 
result which would probably have been obtained by means of a 
normal life test on the same lamps The intervals at which 
candle-power measurements are made are generally shorter m the 
case of a forced life test than m a normal test, and the number of 
lamps chosen to represent a given batch is usually larger 

Life tests may be carried out on the basis of mean horizontal 
candle-power or total flux While the latter is generally used for 
rating, and therefore for determimng the efficiency at which the 
lamp IS run, the reduction factor is usually very constant throughout 
the life of a vacuum lamp, so that the mean horizontal candle-power 
can be used for the hfe-test readings on such lamps if it is found more 
convement to make measurements of this quantity This remark 
does not apply in general to gas-filled lamps. 

Life-Test Curves. — ^The results of life tests, whatever the source 
tested, are usually exhibited m the form of a performance curve (®®), 
of which the abscissae represent hours of actual burning from the 
beginning of the test, and the ordinates (a) candle-power and 
(6) efficiency. A typical set of performance curves for a set of 
electric lamps is shown in Fig. 300, where the left-hand curves refer 
to the mdividual lamps, while the right-hand curves refer {a) to the 
mean candle-power and (6) the mean efficiency of all the lamps 
tested 

Shock Tests. — ^Tests of mechamcal strength are sometimes 
included as part of a hfe test, and m such cases the photometric 
laboratory must be equipped for carrying out such tests at mtervals 
during the hfe run. The apparatus used is not m any way stan- 
dardised, and any description of it does not fall within the scope of 
this book 
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(6) Vunite d'lnte^mte limmieuse est la Bougie Internationale telle qu’elle 
r&ult^ des accords intervenus entre les trois laboratoires nationaux d’4talon- 
nage de France, de Grande-Bretagne et des Etats-Ums en 1909.* Cette umt6 
a et6 coiiserv4e depuis lora au moyen de lampes incandescence electriqn^s, 
dans ces laboratoires qui restent charges de sa conservation 

* Ces laboratoires aont . le Laboratoire Central d’Electricit^ k Pans, le National 
Physical Laboratory k Teddmgton, et le Bureau of Standards k Washington 

Tbe following translation of the above definitions has been ofl&cially 
adopted by the National Blumination Committees of Great Britain and of 
the United States of America t — 

(1) Luminous Flux is the rate of passage of radiant energy evaluated by 
reference to the luminous sensation produced by it 

Although luminous flux should be regarded, strictly, as the rate of passage 
of radiant energy as just defined, it can, nevertheless, be accepted as an 
entity for the purposes of practical photometry, since the velocity may be 
regarded as being constant under those conditions. 

(2) The Unit of Lurmnous Flux is the Lumen. It is equal to the flux 
emitted m unit sohd angle by a uniform pomt source of one international candle 

(3) Illumination. The lUummation at a pomt of a surface is the density 
of the luminous flux at that point, or the quotient of the flux by the area of 
the surface when the latter is uniformly illuminated. 

(4) The Ptactuial Umt of Illumination is the Lux. It is the illumination 
of a surface 1 square metre in area, receiving a uniformly distributed flux 
of 1 lumen, or the illumination produced at the surface of a sphere having 
a radius of 1 metre by a uniform point source of 1 international candle 
situated at its centre 

In view of certam recogmsed usages, illumination may also be expressed 
in terms of the following umts — 

Taking the centimetre as the umt of length, the umt of illumination is the 
lumen per square centimetre , it is known as the “ Phot.” Takmg the foot 
as the umt of length, the umt of illumination is the lumen per square foot ; 
it IS known as the “ Foot-Candle.” 

1 Foot-Candle = 10 764 Lux = 1 0764 milli-phot, 

(5) Luminous Intensity (Candle-power). The luminous intensity (candle- 
power) of a point source m any direction is the luminous flux per umt solid 
angle emitted by that source in that direction (The flux emanating from a 
source whose dimensions are neghgible in comparison with the distance from 
which it IS observed may be considered as coming from a point ) 

(6) The Vmt of Luminous Intensity (Oandle-power) is the International 
Candle, such as resulted from agreements eflected between the three National 
Standardising Laboratories of France, Great Britain and the Umted States, 
in 1909. t This umt has been maintained since then by means of incandescent 
electric lamps in these laboratones, which continue to be entrusted 
with its maintenance 

I These Laboratories are the Laboratoire Central d’Electricit6 in Paris, the National 
Physical Laboratory in Teddmgton, and the Bmeau of Standards in Washington 

The following defimtiona were ofiB.cially adopted at the 1924 meeting of 
the International Commission on Illumination § — 

(7) Bnllance. La bnllance dans une direction donn^e d'une surface 
6mettant de la lumiere est le quotient de I’mtensit^ lumineuse mesur^e dans 
cette direction par Taire projet6e de cette surface sur un plan perpendiculaire 
h la direction consider6e 

t Report of National lUuin Com. of Great Bntaan, 1922 Ilium Eng, 16, 1923, 

& 62 , Gas J , 162, 1923, p 166 , Inst Gas Eng., Trans , 1922-23, p 78 , Ilium Eng. Soc 
T,. Trans , 20, 1926, p 629 
§ C I.E., Proo. 6, 1924:, p 08, etc 
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(8) U unite de hrillance est la bougie par unite de surface 

( 9 ) Facteur de transmission d’un corps. C’est le rapport du flux transnns 
par le corps au flux incident qu’il regoit 

(10) Facteur d’absorptlon d’un corps. C’est le rapport du flux absorb 6 
par le corps au flux incident qu’il re 90 it 

(11) Facteur de reflexion d’un corps. C’est le rapport du flux r^flecki par 
le corps au flux incident qu’il re 901 1 

Le flux r 6 fl 6 clii selon les lois de la reflexion r 6 guli^re eat appele flux 
r^gub^rement r6fl4clu, et le facteur de reflexion correspondant prend le noin 
de facteur de reflexion rSguli^re Le flux diffus 6 , c’est-Jt-dire envoys dans 
autres directions que celle de la reflexion r^gub^re, donne le facteur de r6flexion 
diffuse Lorsqu’on considere Tensemble du flux renvoy 6 par le corps, on 
obtient le facteur total de reflexion 

(12) Flux total d’une source. C’est I’ensemble du flux 6 mis par cette 
source 

(13) Flux Ii6misph6rlque supfirieur (super-horizontal). C’est le flux emia 
par la source au-dessus du plan bonzontal passant par son centre 

(14) Flux hdmisphdrique inf^rieur (sub-horizontal). C’est le flux 6 inis par 
la source au-dessous du plan bonzontal passant par son centre 

(15) Intensity moyenne sph^rique d’une source. C’est la moyenne des 
valeurs de I’lntensit^ de la source dans toutes les directions de I’espace 

(16) Intensity moyenne hdmisph^rique sup6rleure. C’est la moyenne des 
valeurs de I’lntensit^ de la source dans toutes les directions au-dessus du plan 
bonzontal passant par son centre 

(17) Intensity moyenne h6misph6rique inf6rieure. C’est la moyenne des 
valeurs de I’lntensit^ de la source dans toutes les directions au-dessous du 
plan bonzontal passant par son centre 

(18) Intensit6 horizontale moyenne. C’est la moyenne des valeurs de 
rintensit 6 de la source dans toutes les directions du plan horizontal passant 
par son centre 

(19) Facteur de reduction de I’lntensit^ moyenne spberique d’une source. 
C’est le rapport de I’lntensite moyenne spberique k I’lntensit^ moyenne 
borizontale 

(20) Facteur d’efidcacitd d*une source. C’est le rapport du flux lumineux 
total k la puissance totals consomm^e Dans le cas d’une lamps 61ectrique, 
il est exprim 6 en lumens par watt , dans le cas d’une source utibsant la 
combustion, on pent I’exprimer en lumens par umt 6 de temps et par unite 
tbermique. 

(21) Facteur de visibilit6 pour une radiation monocbromatique C’est le 
rapport du flux lumineux au d^bit du flux d’ 6 nergie correspondant Le 
facteur de visibibt 6 relative d’une radiation monocbromatique est le rapport 
du facteur de visibibte de cette radiation k la valeur maximum du facteur de 
visibibt 6 

Tbe following translation of these defimtions has been proposed by the 
National Illumination Committee of Great Bntain * — 

(7) Brightness. Tbe brightness in a given direction of a surface emitting 
bgbt IS tbe quotient of tbe luminous intensity measured in that direction by 
the area of this surface projected on a plane perpendicular to tbe direction 
considered 

(8) The unit of brightness is the candle per unit area of surf ace 

(9) The Transmission Factor of a body is tbe ratio of tbe flux transmitted 
by tbe body to tbe flux incident upon it. 

(10) The Absorption Factor of a body is tbe ratio of tbe flux absorbed by 
tbe body to tbe flux incident upon it 

* Report for 1924 fllum. Eng., 18, 1925, p. 40. 
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(11) The Refleotlon Factor of a body is the ratio of the flux reflected by 
the body to the flux incident upon it. 

The flux reflected according to the laws of specular reflection is called 
specularly reflected flux, and the corresponding reflection factor is called 
the factor of specular reflection The flux diffused, % e , that sent out m 
directions other than that of specular reflection, gives the diffuse reflection 
factor. The total reflection factor is obtained by considering the whole of the 
flux reflected by the body 

(12) The Total Flux of a source is the flux emitted by that soui’ce in all 
directions 

(13) The Upper Hemispherical Flux of a source is the flux emitted by that 
source above the horizontal plane passing through its centre 

(14) The Lower Hemispherical Flux of a source is the flux emitted by that 
source below the horizontal plane passmg through its centre. 

(16) The Mean Spherical Intensity of a source is the average value of the 
mtensity of that source m all directions in space 

(16) The Mean Upper Hemispherical Intensity of a source is the average 
value of the intensity of that source in all directions above the horizontal plane 
passing through its centre 

(17) The Mean Lower Hemispherical Intensity of a source is the average 
value of the intensity of that source in all directions below the horizontal plane 
passmg through its centre 

(18) The Mean Horizontal Intensity of a source is the average value of the 
intensity of that source in all directions in the horizontal plane passing through 
Its centre. 

(19) The Reduction Factor of the mean spherical mtensity of a source is the 
ratio of the mean spherical mtensity -to the mean honzontal mtensity 

(20) The Efflclency of a source is the ratio of the total luminous flux emitted 
to the total power consumed. In the case of an electric lamp it is expressed 
m lumens per watt. In the case of a source dependmg upon combustion it 
may be expressed m lumens per thermal unit per umt of time. 

(21) The Visibility Factor for monochromatic radiation is the ratio of the 
luminous flux to the correspondmg energy flux. 

The relative visibihty factor of a monochromatic radiation is the ratio 
of the viaibihty factor of that radiation to the maximum value of the visibihty 
factor. 


The following additional defimtions have been adopted by the Illuminating 
Engmeermg Society of New York, and by the Amencan Engineering Standards 
Committee * . — 


Luminous Flux 

(22) Light. The term hght is used in various ways 

(а) To express the visual sensation produced normally when radiant 
flux (qv) within the proper hnuts of wave-length, of sufficient intensity and 
of sufficient duration, impinges on the retma 

(б) To denote the luminous flux {qv) which produces the visual sensation 
(c) By extension, even to denote ra&iant flux of wave-lengths outside of 

the visible spectrum (e g , ultra-violet hght) 

(23) Radiant Flux is the rate of energy radiation, and is expressed m 
ergs fer second or m watts 

(24) Quantity of Light is the product of the lunnnous flux by the time it 
is maintained It is the time integral of lummous flux 

(26) The Lumen-Hour is the unit of quantity of light It is equal to a 
flux of 1 lumen contmued for one hour 

(26) The Lamhert is the average brightness of any surface emitting or 

* Ilium Eng. Soc N Y , Trana., 20, 1925 , p 629. 
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reflecting 1 lumen per square centimetre, or the uniform brightness of ‘a 
perfectly diffusing surface enutting or reflecting 1 lumen per square centi- 
metre 

For most purposes the millilambert, O’OOl lambert, is the preferable 
practical umt 

Brightness expressed in candles per square centimetre may be reduced 
to lamberts by m^tiplying by tt 

Brightness expressed in candles per square inch may be reduced to lamberts 
by multiplying by 7r/6 45 = 0*487 

(27) The Foot-Lambert is the average brightness of any surface emitting 
or reflecting 1 lumen per square foot, or the uniform brightness of a perfectly 
diffusing surface emitting or reflecting 1 lumen per square foot 

A completely reflecting surface under an illumination of 1 foot-candle, 
therefore, has an average brightness of 1 f oot-lambert , the average biightness 
of any surface in foot-lamberta is the product of the illumination in foot- 
candles by the reflection factor of the surface 

One f oot-lambert is equal to 1 076 millilamberts. 

One foot-lambert is equal to 1/144 tt candles per square inch, brightness 
expressed as candles per square inch may, therefore, be reduced to foot- 
la mberts by multiplying by 452 

(28) The Mechanical Equivalent of Light is the ratio of radiant flux to 
luminous flux for the wave-length of maximum visibihty, and is expressed 
in ergs per secjnd per kmen, or in watts per lumen It is the reciprocal of the 
maximum absolute visibihty. 

As a standard value for the mechanical equivalent of hght, the figure 
0*0015 watt per lumen is recommended. 

This term has been used in a vanety of senses. As here defined it refers 
only to the mimmum mechanical equivalent of light and corresponds to 
monochromatic light of maximum visibihty The reciprocal of this quantity 
is sometimes called the luminous eqm valent of radiation. 

(29) A Luminosity Curve of a source of hght is a curve showing for each 
wave-length the luminous flux per element of wave-length Therefore it gives, 
wave-length by wave-length, the product of the radiant flux and the visibihty 

(30) The Luminous EflGiciency of any source is the ratio of the luminous 
flux to the radiant flux from the source For practical purposes it is usually 
expressed in lumens pet watt radiated (This is not to be confused with the 
efiiciency of a source See definition No 20 ) 

Surfaces and Media Modifying Luminous Flux 

(31) Diffusing surfaces and media are those which break up the incident 
flux and distribute it more or less in accordance with the cosine law, as for 
example, white plaster and opal glass 

(32) Redirecting surfaces and media are those which change the direction 
of the luminous flux in a defimte manner, as for example, a mirror or a lens 

(33) Scattering surfaces and media are those which redirect the luminous 
flux and break it up into a multiphcity of separate pencils, as for example, 
rippled glass 

Illumination 

(34) Unidirectional illumination on a surface is that produced by a single 
light source of relatively small dimensions. It is charaotensed by the fact 
that a small opaque object placed near the illuminated surface casts a sharp 
shadow 

(35) Multidirectional illumination on a surface is that produced by several 
separated hght sources of relatively small area. It is characterised by the 
fact that a small opaque object placed near the illuminated surface casts 
several shadows. 
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(36) Diffused illumination is that produced either by primary or secondary 
light sources having dimensions relatively large with respect to the distance 
from the point illuminated, and scattering light in all directions It is 
charactensed by relative lack of shadow Diffused illumination may be 
derived principally from a single direction, as in the hght from a skyhght 
window, or from all directions, as in the open air. Perfectly diffused illumina- 
tion on a surface is ahadowless 

In any practical case of illumination on a surface there is usually a mixture 
of the above types 

(37) Coefficient of Utilisation of an illumination installation on a given 
plane is the total flux received by that plane divided by the total flux from 
the lamps lUuminating it When not otherwise specified, the plane of reference 
IS assumed to be a horizontal plane 30 inches (76 cm.) from the floor. 

(38) Variation Factor of an illumination installation is the ratio of either 
the maximum or minimum illumination on a given plane to the average 
illumination on that plane 

(39) Variation Range of illumination on a given plane is the ratio of the 
maximum illumination to the rmmmum illumination on that plane. 

Photometry 

(40) A Primary Luminous Standard is one by which the umt of light is 
established, and from which the values of other standards are derived A 
satisfactory primary standard must be reproducible from specifications. 

(41) A Secondary Standard is one cahbratedby comparison with a primary 
standard The use of the term may also be extended to include standards 
which have not been directly measured against the primary standards, but 
derive their assigned values indirectly from the pnmary standards 

Because of the lack of a satisfactory primary standard of light the unit 
is actually maintained m most laboratories by electric incandescent lamps 
serving os reference standards The values assigned to these standards were 
originily agreed upon as representing the average value of the accepted 
primary standard as nearly as this could be determined This procedure is 
formally recognised in France and the Umted States 

(42) A Working Standard is any standardised luminous source for daily use 
in photometry. 

(43) A Comparison Lamp is a lamp of constant, but not necessarily known, 
candle-power against which a working standard and test lamps are successively 
compared in a photometer 

(44) A Test Lamp, in a photometer, is a lamp to be tested. 

(46) A Performance Curve is a curve representing the behaviour of a lamp 
in any particular (candle-power, consumption, etc ) at different periods during 
its life 

(46) A Characteristic Curve is a curve expressing a relation between two 
variable properties of a luminous source, as candle-power and volts, candle- 
power and rate of fuel consumption, etc 

(47) A Horizontal Distribution Curve is a polar curve representing the 
luminous intensity of a lamp, or hghting unit, in a plane perpendicular to the 
axis of the umt, and with the umt at the origin 

(48) A Vertical Distribution Curve is a polar curve representing the luminous 
intensity of a lamp, or lightmg umt, in a plane passing through the axis of 
the umt and with the umt at the origin. Unless otherwise specified, a vertical 
distribution curve is assumed to be an average vertical distribution curve, 
such as may in many cases be obtained by rotating the umt about its axis 
and measurmg the average intensities at the different elevations It is 
reco mm ended that in vertical distribution curves angles of elevation shall 
be counted positively fropa the nadiy as zero to the zemth as 180® In the case 
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of incandescent lamps, it is assumed that the vertical distribution curve is 
taken with the tip downward. 

(49) The Apparent Candle-power of an extended source of light is the candle- 
power of a point source of hght which would produce the same illumination at 
the distance employed 

Colour Nomenclature 

(60) Quality of Luminous Flux is that property of Iiinunous flux determined 
by its spectral distribution 

(61) Colour of Luminous Flux is the subjective evaluation by the eye of 
the quahty of lununous flux Any colour can be expressed m terms of its hue 
and saturation 

(62) Hue IS that property of colour' by which the various spectral regions 
are characteristically distinguished All colours except purples and white 
may be matched in hue with spectral colours In the case of a purple, the 
spectral hue which is complementary to the hue of the purple is ordinarily 
used for scientific designation 

(63) Two hues are complementary if they may be nuxed to produce white. 
White may be considered as a colour having no hue By the mixture of 

luminous fluxes of two or more liues, properly chosen both as to hue and 
intensity, a resultant luminous flux may be obtained which has the colour 
white ^\^enever lununous fluxes of two or more hues are mixed, the resultant 
luminous flux, though it may have some dominant line, will ordinarily be 
evaluated subjectively as having an admixtuie of white 

(64) Saturation of a Colour is its degree of freedom fiom admixture with 
white Monochromatic spectral light may, for purposes of measurement, be 
consideied as having a saturation of 100 per cent As wlute light is added 
the saturation decreases until, when the hue entirely disappears, the satiu’ation 
IS zero White, therefore, is the hiniting colour, liaving no hue and zero 
saturation 

The terms purity *’ and “ chroma ” have also been used to denote the 
quantity above defined under the name saturation ” (Report of Committee 
on Colorimetry, O^it Soc Am , J , 6, 1922, p 535 ) The name “ chroma ’’ has 
also been used foi what is above called “ quality ” (Report of Committee on 
Spectrophotometry, Opt Soc Am , J , 10, 1925, p 179 ) 

The term “dominant wave-length” is sometimes used to denote the 
wave-length of the homogeneous (monochromatic) light which, when nuxed 
in the correct proportion witli white, gives a match with the light under 
consideration (Report of Comuuttee on Spectrojihotometry, loc at , sujpra ) 
No general agreement has yet been reached on the subject of colour nomen- 
clature (See, L C Martin, Nature, 114, 7924, p 790 ) 

A number of terms have been proposed for use m connection with the 
transmission of liglit through a plate of given thickness, composed either of a 
transparent solid or of a clear solution (Report of Committee on Spectro- 
photometry, Opt Soc Am , J , 10, 1925, p 177 ) 
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CONVBESION EACTOES 


(I) 

1 Hefner candle = 0*9000 international candles, hence 
1 Hefner lumen = 0*9000 international lumens, and 
To convert values in Hefner units to international units multiply by 
0 9000 , 

To convert values in international umts to Hefner units multiply by 1 1111. 
The above rule apphes to values of luminous intensity (candle-power), 
luminous flux, illumination, and brightness 

(ii) 

Table op Oonversioji Factors for Illumination Units. 



Lux 

Mllllphots 

Foot-ouiid’es 

Lux 

, 1 

01 

0*092903 

Milbphots 

10 

1 

0 92903 

Foot-candles 

10 764 

1 0764 

j 1 


(Value m unit m left-hand column) X (conversion factor) = (value m unit 
shown at top of column) 


Table of Conversion Factors for Brightness Units 


Caudles per sq cm 
Caudles per sq metre 
Caudles per sq Incli 
Caudles per sq foot 
Lamberts (Apparent lu- 
mens per sq cm ) 
MtlUlamberts 

Foot-Lamberts (Equiva- 
lent foot-candles ) (Appa- 
rent lumens pel 8 q foot) 


c /cm 2 

c/m 2 

c /In 2 

c/ft2 

Lamberts 

Milli- 

lumbortti 

Foot- 

Lani- 

berts 

1 

10,000 

6 452 

020 0 

3 1410 

3,141 6 

2,019 

0 0001 

1 

0 0006462 

0 0200 

0 00031416 

0 31416 

0 2010 

01660 

1,650 

1 

144 

0 4869 

480 0 

452 4 

0 0010704 

10 764 

0 006944 

1 

0 0003882 

3 382 

3 1416 

0 3188 

3,183 

2 064 

205 7 

1 

1,000 

020 0 

0 0008188 

3183 

0 002064 

0 2067 

0 001 

1 

0 0200 

0 0003420 

3 426 

0 00214 

0 3183 

0 0010764 

1 0764 

1 


(Value In unit In left-hand column) x (conversion factor) «= (value In unit at top of column) 
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THE LUMINOSITY (VISIBILITY) FACTOE 


mil 

0 

1 

2 

3 

4 

T 

0 I 

7 

8 


400 

0004 

0006 

0006 

0006 

0007 

0008 

0009 

0009 

0010 

0011 

10 

0012 

0013 

0016 

0017 

0019 

0022 

0026 

0028 

0031 

0036 

20 

0040 

0046 

0062 

0068 

0066 

0073 

0081 

0089 

0098 

0107 

30 

0116 

0126 

0136 

0146 

0167 

0168 

0180 

0192 

0204 

0217 

40 

023 

024 

026 

027 

028 

029 

031 

032 

034 

036 

450 

038 

040 

042 

044 

046 

048 

060 

063 

066 

068 

60 

060 

063 

066 

068 

071 

074 

077 

080 

084 

087 

70 

091 

096 

099 

103 

108 

112 

117 

122 

128 

133 

80 

139 

144 

160 

166 

163 

169 

176 

183 

191 

199 

90 

208 

217 

227 

237 

247 

268 

270 

282 

296 

309 

500 

323 

339 

366 

372 

380 

407 

426 

446 

464 

483 

10 

603 

624 

646 

666 

687 

608 

629 

050 

670 

690 

20 

710 

728 

746 

762 

778 

793 

808 

822 

836 

849 

30 

862 

874 

885 

896 

906 

916 

924 

932 

940 

947 

40 

954 

960 

966 

971 

976 

980 

984 

987 

990 

993 

550 

995 

997 

998 

999 

1 

1 

1 

999 

998 

997 

60 

995 

993 

990 

987 

983 

979 

974 

969 

964 

968 

70 

962 

945 

938 

931 

923 

915 

907 

898 

889 

880 

80 

870 

860 

849 

839 

828 

817 

806 

793 

781 

769 

90 

767 

745 

732 

720 

707 

696 

682 

670 

667 

644 

600 

631 

618 

606 

693 

680 

667 

654 

641 

628 

615 

10 

603 

490 

478 

466 

463 

441 

429 

417 

406 

393 

20 

381 

369 

367 

346 

333 

321 

309 

298 

287 

276 

30 

266 

266 

246 

235 

226 

217 

208 

199 

191 

183 

40 

176 

167 

160 

162 

146 

138 

132 

125 

119 

113 

660 

107 

101 

096 

091 

086 

081 

077 

073 

069 

085 

60 

061 

067 

064 

061 

048 

046 

042 

039 

037 

034 

70 

032 

030 

028 

026 

026 

023 

022 

020 

019 

018 

80 

017 

0169 

0148 

0138 

0128 

0119 

0111 

0103 

0096 

0088 

90 

0082 

0076 

0071 

0066 

0061 

0067 

0063 

0050 

0047 

0044 

700 

0041 

0038 

0036 

0033 

0031 

0029 

0028 

0026 

0024 

0022 

10 

0021 

00196 

00183 

00171 

00159 

00148 

00138 

00129 

00120 

00112 

20 

00106 

00098 

00091 

00086 

00079 

00074 

00009 

00064 

00060 

00066 

30 

00062 

00048 

00046 

00042 

00039 

00036 

00033 

00031 

00029 

00027 

40 

00026 

00023 

00022 

00020 

00019 

00017 

00016 

00016 

00014 

00013 

750 

60 

00012 

00006 

00011 

00010 

00009 

00009 

00008 

00008 

00007 

00007 

00006 


Note — The above table has been constructed by interpolation between 
the internationally adopted values given in the second column.* 

* OIE,Proo, 6, 1924,^ 67. 
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SPECTEAL ENEEGY DISTEIBUTION EOE A CAVITY 
EADLATOE (BLACK BODY) 


Tables have been prepared to enable the spectral distribution of energy 
from a cavity radiator at any given temperature to be calculated with a 
mimmum of labour * For radiation of any given frequency the rate of change 
of energy emission with change of temperature is so rapid that tables of 
energy distnbution, unless very extensive, are almost useless for purposes of 
mterpolation t 

The most concise method of expressing the results over a wide temperature 
range is by means of a nomograph such as that shown in Fig. 301. For all 
practical purposes (t.e , to an accuracy of about 1 per cent ) Wien’s formula 
(see p 135) may be used mstead of Planck’s throughout the visible spectrum 
up to a temperature of 4,000° K Hence 


log (£,./Oi) — 3 log V + OzvfT = 0, 


log (E^jC^) + 5 log A. + C^jXT = 0 


Eacl. oi these equations leads at once to a simple nomograph | in which 
the left-hand vertical line (T) is a reciprocal scale, and the right-hand one 
or E>) a logarithmic The X or » scale is obtained graphically, using a 
table of calculated values of E such as that given m the “ Eeport of the Com- 
imttee on Colonmetry of the Optical Soc of America ” (J , 6, 1922, pp 668-9) 
"6 nomograph for 5 a is shown m Fig 301 Any straight line drawn across 
the diagram mtersects the three scales at points showing corresponding values 
m T, X and JE\fdk, In order to obtam a higher accuracy of reading on the 
scale, two scales of X have been drawn When the upper one of these is 
used, the appropriate figuring of the E scale is that shown at the left of the JE 
line, while when the lower X scale is employed the figurmg on the naht of the 
E scale must be used o o n 


The nomo^aph has been drawn for = 1-4330 cm degs and Cn = 1 
if it be desned to use any other value of the point taken on the left-hand 
scale shoidd be 1 4330 T/C 2 instead of T Similarly, the values of E read on 
tne right-hand scale may be multiphed by any desired value of C. 

It IS clear that a similar nomograph may be constructed to give E^, The 
spectral light distribution may be shown by a diagram constructed on the 

smee the candle-power in any given wave-length interval, 7 a, 
IS equal to ExK\j it follows that 


log (hJCj) + log (X«/Aa) -f GijXT = 0. 

* W. W Ooblentz. Bureau of Standards, Bull 16 1920 fll7 A ^ u 

668^9^^’ Committee on Colonmetry, Opt. Soo Am, J, 6, 1922, pp 
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Temp, (°K) Wave-Length {mp ) Synergy (O; 

Fig 301 — Noniograi)h for finding the Spectral Energy Distribution for a Cavity Radiator 
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THE CALCULATION OF CANDLE-POWEE IN 
BENCH PHOTOMETEY 


When the “ fixed distance ’’ method (see Chapter VI , p 162 ) is used, 
the calculations involved in candle-power photometry on the bench are very 
simple, necessitating only the use of a table of squares or a slide rule 

When this method cannot be used the calculations are more compbcated, 
involving the introduction of the function d^l{d — for if dZ be the distance 
between the sub-standard (candle-power Ig) and the test lamp (candle-power 
/y), then, if the test lamp be at the bench zero and the distance of the photo- 
meter head from it be d^, 


It = Wlid - drf = (h/d^) (^- J) * 

Alternatively, if the sub-standard be at the bench zero, 1^ = • 

If, now, d be so chosen m relation to that, in the first case, or, 
in the second case, is a multiple of ten, Zj, can be very simply calculated, 
the second case being shghtly easier and mvolvmg only three operations, 
mz , . 


(i.) Extraction from the tables of l/dg 
(u ) Subtraction of a constant (Ijd) 

(m ) Squarmg the result 

Tables have been prepared to enable the value of drp^d — dj)^ to be 
obtained directly. These tables suffer from the disadvantage that the value 
of d is fixed, generally at an arbitrary value which is suitable only for a com- 
paratively small number of cases met with in practice.* 

A graph of the function y = d^^Kd — dj)^ becomes very unsuitable for 
accurate wort at values of y above about 2*6 A more suitable form of graph 
IS that shown in Fig 302, where log {d^Kd dj,)} is plotted agamst t 
If carefuUy drawn on accurate logarithmic paper, this curve is quite smtable 
for work to an accuracy of 0*5 per cent. Separate curves may be prepared 
for d = 1,000, 2,000, 3,000, 5,000 and 7,000 The one shown in the figure is 
for d = 3,000 Alternatively, a nomograph may be used J 


‘ Physioo-Cliemioal Tables” (Gnflan, 1902)^ vol 1, p 


26 


J . Castell-B vans 
(d = 100} 

E. laebentbal. “Prakfc Pbot,”p 432 {d = 2,500) 

G ^huohardt “ Praht Anleitung zum Photometrieren,” p 46 (d = 2,300) 

W. Bertelsmann “ Reohentofeln f. Beleuchtungsteohniker ’ (P. Enke, Stuttgart, 

1910) (d = 2,600). \ » e » 

L. Ubbelobde *‘Tabelle f. Liohtstarkemessungen ” (Fr. Schmidt u Haensoh, 
Berlin) [d = 2,600) ^ 

t N A Halbertsma. Arohiv f Elektrot., 1, 1912, p 136 
i L. Block. B T.Z., 43, 1922, p 73 
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Fig 302 — Curves for Candle-power Calculation (d = 3,000) 

For Curve A use left-hand and bottom scales 
For Curve B use nght-hand and top scales 



APPENDIX VII 


EEFLECTION AND TEANSMISSION FACTOES OF 
COMMON AND IMPOETA'NT MATEEIALS 


Reflection Ftictor 


Magnesium oxide 
Magnesium carbonate (block) 
Plaster of Pans 
Matt white celluloid 
White blottmg paper 
Calcium carbonate 
Depolished opal glass 
Polished opal glass 
Pohshed silver (A = 0*50 /i) 

„ „ (X = 0 60/i) 

„ „ (\ = 0 70/x) 

Back-silvered glass (X == 0*60 fx) 
„ „ (X= 0 60)u.) 

j> ,, (X = 0 70 fx) 


D'ffUBod Light 

Direct Light * 

0 96 (1) 

0-92 (’) 

0 98 (2) 

0-93 f) 

0*91 (2) 

0-87 

0 80-0 86 (’) 

0-76-0 80 (?) 

0 80-0 86 C) 

0-76-0 80 n 

0*96 (8) 

0 92 (’) 

0*76-0*86 (’) 

0 76-0-80 (’) 

0 76 (^) 

— 

— 

0 91 (®) 

— 

0 925 

— 

0 94, 

— 

0-81-0 87 («) 

— 

0 82-0 88 

— 

0-84-0 90 


* Normal incidence In the oaae of diffusing surfaces the angle of view is 30° and the 
unit IS the brightness of a perfectly diffusing surface of 100 per cent reflection factor 


REFERENCQES 

m S' Henning and W Heuse Z f Phys 10, 1922, p 111, Wiss Abh Phys - 
Teohn. Reichsanstolt, 6, 1923, p 161 ^ ^ 

lUuS! E^g®. MO®’ ^eSoo NY, Trans , 16, 1920. p 810 . 

See also P. A Benford, Gen. El Rev , 23, 1920, p 72 

4* ^ Taylor. Opt Soc Am, J, 4, 1920, p 9 , Rlum Eng Soo N Y Trans Ifi 

^d^i? loh* ^6 ^ * Bureau of Standards, Bull , 16, 1920, p 43l| 

p 203^”^^^’ ^ ^ * Bureau of Standards, Bull , 17, 1921, 

A Sfl ^ ^ ^ Elhott Rlum. Eng. Soo N Y Trans 

9. 1911. n 6Q6 ( onvAA inATAdaorl ViTF in j. \ ^ ’ 


9. 19k. p 696 (V^ue givenTnoTe^^S V To ^ ’ 

darS!Bn]f.K°l 7 n“r ^ ^ > 16, i920. p 816, Bureau of Stan- 


dar^: BnlL, \l.''l921,fr ” p sio . Bureau of Htau- 

(6) E Hagen and S Rubens Wied. Ann , 8, 1902, p. 16 
(6) E Hagen and H. Rubens Wied Ann , 1, 1900, p’ 373 
Measurements made at the National Physical Laboratory 
Other references are : — ' 

W W. Coblentz Bureau of Standards, Bull , 9, 1913, p. 283 
(6) Pigments, etc . L Bell. Hlum Eng. Soo. N" Y Trans 9 70 fiy ■« ako th 
B ug 1, 1908. V 72 . Soienoe Abs , 1™ J/bT; 200 ’ ^ ^^0^’ P 8®® J 

L Bell. El World, 66, 1916, p. 211. ^ ^ ^ 
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♦HA Gardner Praak Inst , J , 181, 1916, p 99 (The values given in this paper 
should be inoreased by about 10 per cent ) 

* W Harrison and E A Anderson Ilium Eng Soc N Y , Trans , 16, 1920, p 97 

♦EE Oady and H B Dates “ IHummating Engineering’* (Chapman and Hall, 

1925),^ 306 

(c) Papers and inks Committee on Glare, Ilium Eng Soo N Y., Trans , 10, 1915, 
p. 379 

(d) Surfaces met mth out-of-doors H. H Kimball. Dlum. Eng Soo N Y., Trans , 
10, 192d, p 217 

W W Coblentz Bureau of Standards, Bull , 9, 191$, p 283 

(e) Simple chemical compounds (white) P G Hutting, L A Jones and E. A Elliott 
DTinn Eng Soc N Y , Trans, 9, 191i, p 693 (The values given in this paper should be 
increased by about 10 per cent ) 

(/) Various metals and alloys “ Reoueil de Oonstantes Physiques ” (Soo Eran 9 de 
Phys , 1913), pp 646 et aeq 

Landolt-Bomstein “ Physikaliaoh-Chemischo Tabellen ” (Springer, Berhn, 192$), 
vol 2, pp 903 et aeq 

* In these papers actual specimens of coloured surfaces are given with their reflection 
factors 


Matoilnl 


TriiDsmtealoii Pactor * 


DJfused Light 


Direct Light t 


Sand-blasted clear glass 0 70 (^) 0 37 (®) 

Flashed opal glass (0-1 mm thick) — 0*39 (^) 

Pot opal glass (polished) (2 mm thick) — 0*13 (^) 

Pot opal glass (depohshed) — 0*30 (®) 


* The light lost by reflection has been included, so that the above figures represent 
(1 -p -a) 

t Normal incidence angle of view 30° The umt is the brightness of a perfectly 
diffusing surface of 100 per cent, transmission factor 

N B — Values of reflection or transmission factors are included in many of the papers 
referred to in notes (4) to (10) on p 372 

BEPERENOES 

(1) M Luokiesh Opt Soo Am , J , 2-3, 1909, p 46 

M Luckiesh and L L Mellor Prank Inst , J , 186, 1918, p 640 

See also M Luckiesh, El World, 60, 1912, p 1040, and 61, 1913, p 883 , Electrician, 
71, 1913, p 662 

(2) Report of Committee on Glare Ilium Eng Soc N Y, Trans , 11, 1916,^ 367. 

(3) E J Edwards Ilium Eng Soc N Y , Trans , 9, 1914, p 1014 
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BEIGHTNESS, BEIGHTNBSS TEMPEEATUEE AND 
COLOUE TEMPEEATUEE OP COMMON SOUECES 
OP LIGHT 


Source 


Candle 

Hefner (whole flame) 

Pentane (10 c jd ) 

Paraffin (flat wick) 

„ (round wick) 

Sas (bat’s-wmg flame) (600 B Th U ) 
Acetylene (Kodak burner) 

Welsbach mantle (upright) 
j, „ (inverted) 

„ „ (bgh pressure) 

Carbon fil lamp (untreated) (2*6 1 p w ) 
G^m lamp (4 1 p.w ) 

* Tungsten fil lamp (vacuum, 7 9 1 p w ) 

„ „ (gas-filled, 12'91 P w ) 

,, „ (gaa-filLed, 15-2 1 p w ) 

„ „ (gaa-filLed, 18-1 1 p w ) 

» „ (gas-filled, 21*2 1 p w ) 

Mercury vapour (glass) 

Arc crater (solid carbon) 

Clear blue sky 

Zemth sun (at earth’s surface) 


BdghtDess 

Brlghtucss 

Temp 

Colour 
Temp 
Degrees K 

(c/mm2; 

Degrees E 
(A = O 605|a) 

0*004 to 
0*006 (1) 

— 

1,930 

— 

— 

1,880 

— 

— ■ 

1,920 

0 0125 

1,600 

2,066 

0*016 

1,630 

1,920 

0 004(2) 

— 

2,160 

0108 

1,730 

2,360 

0 048 (2) 

— . 

— 

0 058 (2) 

- 

— 

0 26 (2) 

— 

— 

0 56t 

2,030 

2,080 

0*78 

2,130 

2,196 

125t 

2,160 

2,400 

6 97 («) 

— 

2,740 («) 

7 72 («) 

- 

2,810 (^) 

10 00 (4) 

■ — * 

2,920 (2) 

13*26 (2) 

-- 

3,000 («) 

0*023 (2) 

— 

. — . 

172(2) 

3,700 (6) 
(X=0 65 fi) 

3,780 (?) 

0 004(8) 

— 

12,000 to 
24,000(2) 

1,660 

— 

5,400 (i«) 


* See also okapter IX , pp 272 et aeq 

t It has been found that both carbon and tungsten show deviations fiom tlie oosino 
law of emission See A. G Worthmg, Astrophya. J , 36, 1912, p 345 , El Rev and W 
Elect , 62, 1913i p 706 , Nela Bull , 1, 1917, p. 148 

REFERENCES 

Except where othervnse stated the above values aie taken from E. P Hyde and W E 
Forsythe lUum Eng Soc N Y , Trans , 1C, 1921, p 426 ; Lioht u Lampe, 1924, p 227 

(1) A Blondel Recneil de Conatautea Physiques (Soc Franc de Phys , Pans 

1913), pSll V j > 

(2) H E Ives and M Luckieah El World, 67, 1911, p 439 

(3) “ Lichttechmk ” (Oldenbourg, Berlin, 1921), p 641 , L Bloch, Liclit u Lampe, 

1924, p. 623 » 1 » 

TT. ® Forsythe Gen El Rev, 26, 1923, p 830, Elettrot, 11, 1924, p 724, 

^ ^ Worthing, C I E , Proc , 6, 1924, p 100 , Astrophys J , 61, 1925, 

p 183 
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(6) N A AUen. El Rev , 23, 1923 , p 238 

(6) 0 W Waidner and G. K Burgess Bureau of Standards, Bull , 1, 1904 , p 109 

(7) I G Priest Bureau of Standards, Bull , 18, 1922 , p 221 , Opt Soo Am , J 
6 1922 , p 27 

(8) H E. Ives and M Luokiesh Rlum Eng Soc N. T , Trans , 6, 1911 , p. 700 , 
P J Waldram, Ulum Eng , 1, 1908 , p 814, and 7, 1914 , p 17 See also references in 
note (69), p 376 

(9) I G Priest Opt Soo Am , J, 7, 1923 , pp. 78 and 1184 

(10) I G. Pneat Opt Soo Am , J, 4, 1920 , p 482 
Other references are . — 

P Janet 0 R , 126, 1898 , p 734 
P Jenko Wied Ann , 60, 1898 , p 1183 
L Lombardi B T Z , 25, 1904 , p 41 

C W. Waidner and G K Burgess Bureau of Standards, Bull , 2, 1900 , p 319 
C Olerioi Assoc Elettrot Ital,Atti, 11, 137, L’Elettricitk, 28, p 165, 

Electrician, 69, 1907 , p 227 

A Grau E u M , 26, 1907 , p 296 , Eol. El , 61, 1907 , p 260 
J T, Maogregor Morris, E Stroude and E M Ellis. Electrician, 69, 1907 , p 684 
G Schulze E Liebenthol’s “ Prakt Phot ,” pp 336, 338, 340 and 367 

0 and 0 0h6neveau. Soo Int des Elect., Bull , 9, 1909 , p 683 
M V Pirani Deut Pl^ Gesell , Verb , 12, 1910 , p 301 

J R Gravath Rlum Eng Soc N Y , Tranfl , 9, 1914 , p 394 
J T Macgregor Morns, fllum Eng , 9, IPid, p 7 

1 Langmmr Phys Rev , 7, 1916 , p 162 

E P Hyde and W E Forsythe I^nJc. Inst , J , 183, 1917 , p 363 , Opt Soc Am , 
J , 1, 1917 , p 99. 

E F Kingsbury Frank Inst , J , 183, 1917 , p 781 

W E Forsythe. Frank Inst , J , 192, 1921 , p 109 , Phys Rev , 18, 1921 , p 147 
W E Forsythe, Frank Inst , J , 193, 1922 , p 261 
H Lux E T Z , 43, 1922 , pp 1401 and 1461 

H H Kimball Monthly Weather Rev , 62, 1924 , p 473 , B A Report, 1924 , p 368 , 
Ilium Eng Soo N Y , Trans , 20, 1925 , p 477 

E Lax and M Pirani Z f Phys , 22, 1924 , p 284 
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COLOUE OP COMMON LIGHT SOUECES 


Source 

Hue 

Sato 

Bef 

SonsatloQ Values (%) 

Rof 


(Mm) 

(%) 


11 

G 

B 


Gandle 

693 

87 

(1) 

— 

— 

— 

— 

Hefner 

693 

86 

(1) 

641 

38 9 

70 

(3) 

Pentane 

592 

85 

(1) 

— 

— 

— 

— 

Acetylene (fiat flame) 

686-6 

64 

(1) 

48 6 

40 7 

10 7 

(2) 

WelsbEioh mantle (i per cent, cena) 

682 4 

71 

(3) 

40 8 

401 

13 1 

(3) 

Carbon fil lamp (2 6 1 p w ) 

690 

84 

(3) 

62 2 

39 0 

88 

(3) 

» » (271pw) 

6916 

76 

(1) 

— 

— 

— 

— 

Tungsten fil lamp (vacuum, 7 7 1 p w ) 

5884 

66 5 

(3) 

49 3 

38 9 

118 

(3) 

„ „ (gaa-fillei 12 1 p w ) 

686 

66 

(1) 

— 

— 

— 

— 

„ „ (gas-filled, 16 Ip w) . 

686 9 

56 

(3) 

448 

38 5 

16 7 

(3) 

„ (gas-filled, 24 1 p w.) 

584 5 

65 

(1) 

— 

— 

— 

— 

Mercury vapour 

496 6 

26 

(3) 

23 5 

29 2 

47 3 

(3) 

Arc crater (sohd carbon) 

6841 

22 

(3) 

39 6 

35 6 

248 

(3) 

Zenith sun (at earth’s surface) 

— 

0 

(1) 

33 3 

33 3 

33 3 

(1) 

Black body at 6,000° K 

— 

0 

(2 & 3) 33 3 

33 3 

33 3 (2 & 3) 


REPEUENCES 

(1) L A. Jones Ulum Eng Soo N Y, Trans, 9, 1914, p 691 , Kodak Publ , 1, 
1914, p 43 , Eleotncion, 74, 1914, p 276. (White is sunhght ) 

(2) H E. Ives Ulum Eng Soc N Y , Trans , 5, 1910, p 208 , Nela Bull , 1, 1913, 

p 84 See also references m note (31J, p 313 ("^^te is B B at 6,000® K ) 

(3) H E. Ives Opt Soc Am , J,, 7, 1923, pp 296-6 (White is B B at 6,000° K ) 
See also L Blooh, E T Z , 34, 1913, p 1306 (See also E Joaae, %bid , p 1464 ) 

For determinations of the spectral energy distribution in the light given by common 
illuminants, see . — 

H G Vogel Berhn Acad , Monatsber , 1877, p 104, and 1880, p 801 
E L Nichols and W S Franklin Am J Soi , 38, 1889, p 100 
A Crova Ann Chim Phys , 20, 1890, p 480. 

B KOttgen Wied Ann , 63, 1894, p 793 
F Gaud. C. R , 129, 1899, p 769 
W Nernst and E Bose Phys Z , 1, 1900, p 289 
E Bloker Phys Rev , 13, 1901, p 346 
G. W. Stewart Phys Rev , 10, 1903, p. 123 
L W Hartman Phys Rev., 17, 1903, p 66 
F G Baily Electrician, 62, 1904, p 646 
P VoiUant C R , 142, 1906, p. 81 

E L Nichols Dlum Eng Soo N Y , Trans , 3, 1908, p 301 
H E. Ives Bureau of Standards, Bull , 6, 1910, p 231 

H E. Ives Ulum. Eng Soo N Y, Trans , 6, 1910,^ 189 , NelaBuU , 1, 1913, p 79 
E L Nichols and E Merntt Phys Rev , 30, 1910, p 328 

B P Hyde “ Lectures on Ilium Eng ” (Johns Hopkins TJmv Press, 1911), pp 36 
and 78. 

B A Houstoun “ Studies m Light Production ” (Electrician Pub Go , 1912) , 
Electrician, 67, 1911, pp 860, 899, 937, 966 and 68, 1911, pp 17, 64, 107, 187, 397 and 
479 

A. Blondel. “ Reoueil de Constantes Ph3^iq^ues ” (Soo Fran? de Phys , Paris, 1913), 
pp 614-^ 

M. Luckiesh and F E Gady Ulum. Eng Soo N Y , Trans , 9, 1914, p 839 , El 
World, 64, 1914, V 670 

J. Vrdiiek Z viss Photog , 16, 1916, p 1 
S Valentiner and M Rbssiger Ann d Phys , 76, 1926, p 786. 
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OHARACTEEISTIC EQUATIONS FOR ELECTRIC 
INCANDESCENT LAMPS 

The relations between the candle-power (or flux) (F), potential (B) and 
current (I) for electric lamps are oft 3 n expressed by empirical equations of 

the general form A = mJ^ A dB~ ^ values of n for modern 

lamps are as follows : — 


Type of Lamp 

B dF 

T3S 

ZdF 

I'dl 

Bdl 

73S 

Oarbou fil. (untreated) 

6-6 

6-1 

1-3 

„ „ (Gem) 

4-8 

3-6 

1-3 

Tungsten £1 (vacuum) 

3-69 

6-16 

0-68 

„ „ (gas-filled) 

. Variable (*). 

— 

— 


The above values refer to lamps operating at about the normal workmg 
ef&cienoy for each type. It has been found that, although n is constant for 
small variations of the quantities concerned, it alters gradually with the 
efficiency of the lamp. A more complicated expression than that given above 
IS, therefore, required for interpolation over wide ranges (®), and for tungsten 
filament vacuum lamps of normal type the following equations have been 
found (^) to represent the observed values over a range extendmg from 
3-1 to 14 lumens per watt ; — 

If 0 ? = log (voltage ratio) 

Vx = log (actual lumens per watt) 

= log (lumens ratio) 

Vs = log (wattage ratio) 

= log (current ratio), 

= — 0-918 a;® + 2 009 a; + 0-91614, — 0-946 + 3-692 

2^3 = — 0-028 + 1-683 JC, 2/4 = — 0 028 + 0-683 a; 

Tables have been prepared to facilitate calculation by means of the 
equations (^) 

To a degree of accuracy often sufficient for practical purposes these 
equations may be used in the form of a graph such as that shown m Fig 303. 
The scale of abscissee is a logarithmic scale of efficiencies (y^), while the ordinate 
scale 18 a logarithmic scale of voltage, lumen, eto., ratios {x, etc.) The 
curves representmg the characteristic equations are drawn so that the ordinate 
100 on each curve corresponds with the efficiency value chosen as a basis, 
VIZ , 8-226 1 p w (1-2 w.p m.h.c.). 

p 
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PHOTOMETRY 


The method of naiog these curves wiU be clear from the followmp; 
examples : — 

(I.) Relation between Potential anb Eppioibncy 

Pro&fem.— The efficiency of a lamp is 7 lumens per watt at 170 volte. 

Fmd (a) the efficiency at 210 volts, and 

(6) the voltage at which it has an efficiency of 11-5 1 p w. 

Curve A (lumens). 




6 7 6 9 10 II 12 

Efricuncy (Lameas per watt) 

!Fig. 303 — Oharaotenstio Equations for Tungsten Filament Vaommx Lamps 

Solution , — The volt ratio at 7 1 p w is 92*6 per cent (curve B) 

(a) The volt ratio at the required efficiency is therefore (210/170) X 
92-6 = 114-2 per cent 

Corresponding with this volt ratio (curve j 5), the required efficiency is 
found as 10-7 1 p w 

(h) The volt ratio at 11-6 l.p.w. is 119 per cent (curve B) Hence the 
requu-ed voltage is (119/92-6) X 170 = 219 volts 


Cvrve B (vdts) 
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(II ) Relation between Flux (Candle-power) and EpprciENcy 

Tins probl m is dealt with exactly as in (I ), excci)t that curve A la used 
instead of curve B 

(III ) Relation between Flux or Candle-power and Potential 

(iV’.R — Either flux or potential must be given at some stated efficiency.) 

Prohleyn — The candle-power of a lamp is 53 5 at 117 volts, the correspond- 
ing (dliciency being 9 5 1 p w 

Find {a) the candle-power at 125 volts, and 

(&) the voltage at whicli the candle-power is 37*6 

Stylution — At the efficiency 9-5 1 p w. the volt ratio is 107*6 per cent , and 
tli<‘ c p. ratio 129 3 per cent 

(a) At a volt ratio of (125/117) X 107 6 = 115 per cent the efficiency is 
l(h7 1 p w (actually this number need not be noted), and the corrcsjioiuhng 
(• p. ratio IS 165-5 ])er cent. 

Th(‘ required candle-power is, therefore, (165*6/129*3) X 53-5 = 68*5 
candles 

(/>) At a c p. ratio of (37 5/53-6) X 129 3 = 90 7 per cent the corresponding 
volt ratio (/ e , the volt ratio at the sam(3 efficiency) is 97*6 per cent 
Tli(» required voltage is, therefore, (97 5/107*6) X 117 = 106 volts. 

It IS worth noticing that if the scale of ordinates bo of tlu' same size as 
tliat of a standard slide rule, the multiplications and divisions involved in 
th(‘ aliove work may be avoided For instance, in Problem I. (a) the distance 
betweim the graduations 170 and 210 on the slide rule is mark(*d oil vertically 
above the point 92 5 on the ordinate scale. This gives the 114*2 mark as the 
ordinate corresponding with the new efficiency The scale in Fig 303 is the 
same as the bottom scale of a so-called lO-inoh rule, viz , 25 cm betweem 
1 and 10 

The following table gives the characteristics (uncorrected for end lostses) 
of tungstem fllameut vacuum lamps at various efiiciencies (^) — 

CHARAGTERIKTiaS OE TuNUSTEN FiLAMENT LaMPS (UnCORREOTEd) 


Iiiiin flfy 
(1 !• ) 

('<»hnir Ti'iiip 
1)11^ k 

llriuhtiiiMH 
(( /miii3) 

Pur i imt 
VdIIw 

Por cunt 
Wfittri 

1‘nr <*urit. 

A’f//-' 

1 “ ^ yu/i 

2 50 

2,021 

0 200 

55 0 

38 7 

10 1 

4 1 

3*65 

2,128 

0-356 

63 6 

48 7 

18(; 

3 9 

n (10 

2,231 

0 613 

73 3 

61-1 

32 2 

3 8 

(i 70 

2,335 

1 005 

83 6 

75 2 

52 2 

3 6 

8 ()0 

2,440 

1 57 

95-0 

92-1 

82 9 

3 5 

1) 80 

2,193 

1 93 

100 0 

100 0 

100 0 

3 1 

10 8 

2,516 

2 375 

105-9 

109 6 

122 0 

3 1 

13 2 

2,652 

3-17 

1185 

130 6 

179 3 

3 3 

15 8 

2,708 

4 98 

132 3 

155 6 

257 0 

3 2 


UEFERfiNGES 

(1) A iTiiiniesen Sne Teleg Eng and ElocL , J , 1 1, f 882,1) 1(14, Ijiim FA ,7,1882, 
]) 1:J7 

\V Jr ]»iceco Roy Nnc . Pnio,, 3(), 1883, p 270 , B A Ue])()r(, 188 J, p 
K Vnit Lnm. El., 10, 1883, p Kl 

N (roct/. CJentralbl f EIektrt)t , 5, 1883, p, 720, Linn El, 11, 1883, p 207 
(), Scliuniaiiii Liim El, 13, 1884, p (10, E.T Z , 5, 1881, p, 220 
.1. A. Fluniiiig. Eleotnoiaii, 14, 1886, p 410 
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J. T. Bottonaley Roy. Soo , Proo , 42, 1887^ p 433 
A Palaz. Lum El , 23, 1887, p 616 

L A Eerguaon and D A Center Teohnol Quarterly, 4, 1891, p 147 
H S Weber Phys Rev, 2, 75M pp 112 and 197 
W E Ayrton and E A Medley Phil Mag , 39, 1895, p 389 
L Lombardi E T Z , 26, 1904, p 41 

F Blau E T Z , 26, 1905, p 196 , Electrician, 64, 1905, p 799 
W Ambler Electrician, 66, 1905, p 941 

J. T Moms. Electrician, 68, 1906, p 318 , Ed El , 60, 1907, pp 72 and 103 
0 H. Sharp Am I E E , Trans , 26, 1906, p 816 , Electrician, 68, 1907, p 602 
G Kapp Inst El Eng , J , 38, 1907, p 229 , Electrician, 68, 1907, p 523 
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VOCABULARY 

To Janlitaic reference to foreign litenature, the French and Qeimaii equivalents of ceitain 
photomctiic technical terms are given after the index entry of those terms. Equivalents which 
arc almost identical with the English word are omitted. 


Abady and Simmancb’s flicker photo- 
motor, 251 

Ahbroviationfl for ponodioola, xxiii 

photoraotrio quantities, 401 

Aberration, Chroraatio (G Farbenabwci- 
chung), 24 

— , Spherical (P aherr dc sph&iciid ^ G. 

sphdrische Abweiehung), 23 
Aunky’s sector disc, 176 
Abnmy’s test iilate, 300 
Absoliito nieofluromenta m speotrophoto- 
motry, 286 

— idiotometer, 147 

— physical photometers, 317 , 

— scale of teinporaturo, 144 (34) 

— standards of light, 6 

Absorbing glosses m photometry f^ee Neu- 
tral Alters) (P dcran absoibant ^ G 
ahmrbicrende QlasplaUe) 

A}«hoi ption, Atmospheric, 397 

— , 111 searchlight photometry, 418 

— by objects within photoiuotiic integratoi, 

216 

— factor, Definition of (P facieur d'absorp- 

iion , G Abso}ptwnsL'cr/ndgcn)t4:Q3 
- — , Measurement of, 397 

— of body, 116 
substance, 110 

— ill transparent plate, 117 

— of optical system, 391 
Accommodation of oye (G Aklomodation), 

49 

Accumulators for illumination photometers, 
367 

Accuiftcy/iii photometry. Effect of field 
^ brightness on (P prdet- 
Sion , G Oenauigkeit), 
' 186 

— , small colour differences on, 

237 

— , Pactors affecting, SI'S 

spectrophotometry, 287 

visual colour matching, 273 

photometry, 140 

— of polarisation photometers, 176 
seotoi disc, 177 

Acetylene flame as standard of spectral 
distribution, 208 

— lamp os substandard, Eastman-Kodak, 

139 

— standards of luminous intensity, 6 
Actinic light, Prequcncy of, 18 


Acuity, visual (G Sehschdrfc), 52, 64, 76 (0) 

— photometer (P phot basd sur Vacuiid 

visudle , G Phot nach d Sehschdrfen- 
inethode), 64, 230 
, Dbooudun’s, 10 (11) 

— — , Houstoun and Kbnnblly’s, 362 
, SiMONOffP’S, 10(11) 

, Yvon’s, 11 (20) 

Adaptation of eye to colour, 313 (27) 
, Effect of, on complemen- 
tary colours, 313 (34) 

light (G Dunlel- (or Hell- 

adaptation)^ 64 

Adjustment of photometer head on bench, 
164 

— to specified candle-power on bench, 168 
After-image in vision (successive contrast) 

(P image aecondaiie ; G Nachbild), 70 
Altbneok, von Hefneh- (see Hefner) 
Ammeter, Connection of, m photometer 
lamp circuit (G Slroimnesser), 442 
Amplification of photo-ol current by 
valves (G V ergrdssening)^^ 331 
Amplitude m wave motion (G Schwingiings- 
weite), 17 

Amyl acetate standard {see also Hefner 
lamp), 129 
Angstrom umt, 460 

Apparent intensity (oandle-powei), Defini- 
tion of, 467 

Aqueous humour in eye (P hiimeur 
aqueuse , G wdsseriqe MUsstgkeil)^ 49 J 
Araoo’s photometer, 3 
Arc lamp, Determination of polai curve for 
(P lampe d arc , G Bogenlanijie), 
200 

, Spectrophotometiy of, 288 

— Crater of, as standard of light (P 
cratere d'arc , G Bogenkraier), 131 
Argand gas standard, 6 
Arnoux’ photometer, 192 (87) 

Artificial eye, Thermopile and colon i 
filtei as, 320 

Asymmetry of photometer hea^, Correction 
for (P disaymdtne , G Ungleichseitig~ 
keil), 152, 189 (46) 

Atmospheric absorption, 397 
in searchlight photometry, 418 

— conditions, Effect of, on gas mantles, 

190 (64) 

, , on Hefner lamp, 130 

, , on pentane lamp, 12S 
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Atmospherio diffusion, 119 

Automatio reoorder for bench photometry, 
190 (49) 

Automobile headlights, Photometry of 
(P pAare d' automobile » G Aufomobil’ 
scheinioerfer), 419 

Average candle-power (see Mean spherical 
intensity) 

— illumination, 363 


Basinet’s photometer, 4 
Background, Illuininated, to increase 
photometric accuracy, 186, 269 
BALFOtFB StEWABT, 33 
Balmee’s aeries in spectrum, 40 
Bonds m thin films, Liteiference (Talbot’s 
bands), 26 

Band roectrum (P spectre de bandes , G 
Banaenspektrum), 41 

Barometric pressure. Effect of, on gas 
lamps (P pression baro- 
mitnquey or aimosphir- 
ique , G. Barometeratand or 
Luftdnick), 442 

, , on Hefneb lamp, 130 

, , on pentane lamp, 128 

Battery for illumination photometer, 367 

photometric laboratory, 436 

Bawtsee’s colorimeter, 314 (36) 

Beam of projector, Defimtion of “ edge ” 
of (P. faisceau Imnneux , G Licht- 
leg^ or LicJitbllscM), 423 (11) 

— flux, Measurement of, m projector 

photometry, 421 

— mtensity. Measurement of, m projector 
photometry, 416, 417, 419 

Beohstetn’s flicker photometer, 261 

— illumination photometer, 374 (33) 
Beoquereoj’s photometer, 4 
Beee’s law, 116, 248 

— photometer, 3 

Belungham and Stanley’s spectro- 
photometer and spectrometer, 284 
Bench, Photometer (P banc phoiometnque , 
Q Phofometerbank) (see Photometer 
bench) 

Bench method of photometry, 147 

— photometry, Methods of, 161 
Bbnham’s top, 79 (60) 

Benzine standard lamp, 13 (66) 

Bebnabd’s photometer, 4 

Bid well’s form of selemum bridge, 322 
Binocular vision in photometry. Advantage 
of, 189 (32) 

• , Lummek-Bbodhun photometer head 

for, 167 

Biprism, Pbesnel (P. bipnsme de Fr , G 
Zwillingspriema or Bipnsma), 21 
— , — m photometry, 169 
Black body as standard of light (P. corps 
notr t G BoMraum or 
schwarzer Kdrper), 132 

spectral distribution, 269 

at 1696° K, Energy distribution curve 

for, 37 

, Candle-power of, 297 

Practical forms of, 132 

, Spectral distribution of radiation 

from, 472 


Black body temperature (see Brightness 
temperature) 

Blaokemng of lamp bulbs. Effect of, on 
colour temp , 273 
Black, Optical, 167, 189 (30) 

Bbnd spot m eye (P iache aveugle , G 
blinder Fleck), 48 
Block photometer. Jolt’s, 160 
Blondel and Beooa’s photometer, 192 
(89) 

— illumination photometer, 362, 372 (14) 

— lumemneter, 206 

— mtometer (brightness photometer), 403 
Blotting paper as lUununometer test 

surface, 342 

Bohb’s theory of atomic structure, 39 
Bolometer, 42, 318 
Boltzmann law of radiation, 34 
Booking bench measurements. Method of, 
166 

Bothe’s photometer, 192 (87) 

Bougie d^tmeUe (G DezvnmLkerze), 130, 
131 

Bougueb’s photometer, 1 
Boys’ gas calorimeter, 444 

— radiomicrometer, 319 
Bbaob-Lbmon spectrophotometer, 282 
Bbaoe spectrophotometer, 279 
Brady and Ives’ flicker photometer, 260 
Brightness (P bnllance or dclat or dartd, 

G Olam or FJdchenhelle or LeucJit- 
dichte or Eelligkeit), 99 
— , Definition of, 463 
— , Effect of, on visual acuity, 64 
— , Measurement of, 400 

— of black body, 297 

common light sources, 478 

field, Effect of, in flicker photometry, 

263, 269 

, , on photometric accuracy, 

186 

, proposed standard of, for ooloii- 

metry, 314 (46) 

— difference just detectable by eye, 62 
with colour difference, 

264 (6) 

— ratio tolerable to eye, 77 (30) 

— temperature (P temp du corps noir , G 

schwarze Temperatur), 270 

of common light sources, 478 

Brilhance (see Bn^tness) 

Bristol board as lUuminometer test surface, 
342 

Bbooa and Blondel’s photometer, 192 
(89) 

PoLACK on visibility of coloured 

point souroes, 69 

SuLZEB on nse of visual sensation, 

60 

Bbodhtjn photometer and spectrophoto- 
meter (see Lummer-Bbodhun) 

— rotatmg beam form of sector disc 178 

— sector disc, 191 (08) 

Butsson and Pabby’s microphotometer, 
394 

Bunsen disc, Method of makmg (P dcran. 
de B ,G Bunsenscher Photometerschirm) , 
163 

Bunsen’s photometer, 4, 162 
, Theory of, 162 
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BuEEAtr OP Standards, 137 

, Integrating sphere at, 219 

Burnett’s lUumination photometer, 372 
(14) 

Butterpibld, Haldane and Trotter on 
pentane lamp, 128 


Cady, Hyde and Forsythe on luminosity 
(viaibibty) curve, 296 

Calculation of candle-power m bench 
photometry, 161, 108, 474 

lUummation, Charts for, 376 (67) 

spectral distribution for black body, 

472 

Calibration of absorbmg filters (F Mon- 
nage, or graduaiion , G Eichung), 
181 

illumination photometers, 347, 366, 

359 

sector disc, 179 

spectrometer, 274 

Callow’s illumination photometer, 372 
(14) 

Calorific value of gas, Effect of, on candle- 
power of mantles 
(F. pumance colon- 
fique , G Heizweri), 
444 

, , — gas flame or mantle, 

190 (63) 

Measurement of, 444 

Calorimeter, Boys’ gas, 444 
Candle, Defimtion of International (P 
bougie vnt , G. mt Kerze), 86 
— , Parliamentary, 4 

— , Standard (F bougie normale , G Nor- 
7nalkerze)j 4 
Candle-foot, 96 

Candle-metre (P bougte-mkre , G Meter 
lerze), 96 

Candle-power, Adjustment to specified, on 
bench (P iniensitd lumineuae , G 
LicJUstdrlce), 168 

— and voltage or current relationships for 

electric lamps, 481 
— , Defimtion of, 84 

— , Mean hemispherical, etc (see Mean 
hemispherical intensity, etc ) 

— of black bDdy, 297 

— distribution curve. Definition of (F 

courbe de rdpartilion hmiueuee , 
G lAclitverteilungahirve)^ 406 

, Hoiizontal, 194 

, Photographic determination of, 

333 

, Vertical, 194 

Candle-power scale for photometer bench 
(G Kerzenteilung\ 148 

, Computation of, 187 (8) 

Carbon arc standard of light, 131 

— dioxide, Effect cf, on flame standards, 

130 

— filament lamp as standard of light (F 

larnjge d filament de char- 
bon , G Kphlenfaden- 
gllllilampe)i 136 

spectral distribution, 272 

Caroel lamp, 4 


Carriage for use on photometer bench (F. 

chanot , G Wagen), 148 
Cascade method of heteroohromatio photo- 
metry (F mdthode de comparauson en 
cascade , G Kaskadenmeihode\ 238 
Case’s thalofide bridge, 326 
Cavity radiator {see Black body) 

Celestial photometry (see Stellar photo- 
metry) 

Cell, Photo-electric {see Photo-electric 
cell) 

Cells for illumination photometers, 357 
Cells to contain solutions for heteroohro- 
matic photometry (P 
Clive , G Zelle), 246 

spectrophotometry, 388 

Celluloid os lUuminometer teat surface, 
342 

Centre, Photometric (luminous centre of 
gravity), of light souroo (see cdso Effective 
light centre) (F ce?itre lutninciiA , G 
LicTdachwerpunkt), 224 
Changing lamps in integratmg sphere. 
Devices for, 219 

Charaotenstio curve, Definition of (F 
courbe clmrcuctdnsiique , G clutraL- 
tenstiache Kurve\ 466 
of illumination, 3G3 

— equations for electric lamps (F equation 

char, , G char Gletchunq) 
481 

, Use of, in heteroohromatio 

photometry, 239 

— (voltage-current) curve for photo- 
electric cell, 329 

Charts, Colour, for colorimetry, 309 

— for illumination calculations, 376 (67) 
Checking illumination photometers (F 

graduation, or dtalonnage, d nouveau , G 
Neueichuug), 347, 366 
Chemical papers for illumination photo- 
metry, 366 

— photometers, 331 

— solution to imitate luminosity (visi- 

bility) curve, 296 

■ for hetoiochromatio jihotonioiiy, 240 

, Spectrophotometry of, 388 

Chemi-lummoacenoo, 33 
Choice of observers for hcterochroinatic 
photometry, 263 

Choroid of eye (F choroide , G Aderhaut), 
49 

Chroma of a ooloui, Definition of (F 
ionaliie , G Farblon), 467 
Chromatic aberiation (G Farbenabivti- 
chung), 25 

— sensitivity of eye (F aensibililc^ dtjjcienti- 
elle pour la couleui , G Farbeminlei- 
scheidungaverindgeu), 66 

Ciliary processes of eye (F corps ulianc , 
G Oiharkdrper), 49 
Classen’s relative photometer, 370 
Clerk Maxwell (see Maxwell) 

Cobalt gloss for use in heteroohromatio 
photometry, 242 
Cobb on glare, 67 

Coblbntz on luminosity (naibihty) curve, 
296 

Coefficient of reflection, etc (see RefleotiOTi, 
etc, factor). 
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Coefficient of utilisation of an lUumination 
system (P factmr 
d\til%8aiion y Q Wirl- 
UTigsgrad, or Nutz- 
faktor)y 363 

, Definition of, 466 

Colloidal solutions, Nephelometry of, 384 
Coloration of sphere paint, Error due to, 218 
Colorimeter, Bawtrbb’s, 314 (36) 

— , P E Ives’, 304 
— , Monochromatic, 307 
— , Nat. Phys Lab. (Guild’s), 304 
— , NuTTtN-a’s, 307 
— , Tnchromatic, 304 
Colonmetry by comparison with coloured 
media, 309 

— , Conversion from one system to another 
m, 307 

— of reflecting surfaces, 384 

— on the monochromatic system, 306 

— , Proposed standard of field size and 
intensity for, 314 (46) 

— , Standard of white for, 313 (27) 

Colour, Measurement of (eee Colorimetry) 

— , complementary (see Complementary 
colours) 

— , Effect of, on transmission factor, 1 17 

— , , — visual acuity, 64 

— , repeated reflection on, 112 

— , Excitation values of a, 303 

— of luminous flux, Defimtion of, 467 
modem illuminants on monochro- 

matio system, 313 (31), 
480 

trichromatic system, 314 

(39), 480 

stars. Measurement of, 430 

— , Recognition of, at low mtensities, 67 
— , , in point sources of light, 69 

— adaptation of eye, 313 (27) 

— difference, Effect of, on contrast sensi- 

tivity, 264 (6) 

perceptible by eye (P. perception 

dtfferentidle des covleurs , G Far- 
bmunterscheidung), 66 

— fields for eye 68 

— filter and lamp combination for colour 

temp scale (P. ^an colord y G, 
farbiges, or gefdrbtes, Filter ) , 
290(13) 

photo-electric cell as artificial eye, 

330 

, Care of, in the photometric labora- | 

toiy, 448 

, Error due to diffusion in, 181 

for ebminatmg stray light m spectro- 
photometry, 277 

heterochromatio photometry, 243 

illuramation photometry, 369 

imitating sensitivity curve of eye 

(visibility curve), 296, 320 

— measuring colours of stars, 430 

photo-eleotnc photometry, 330 

testing photometric observers, 263 

use in spectrophotometry, 288 

— L — » Spectrophotometry cf, 387 
Variable, 244 

— matobing. Accuracy of visual (P 
dgalisatwn^ des covleurs , G Fcrben 
1 ergletchuTig)y 273 


Colour matobing by pboto-elcotrio cells, 330 

— mixer (P appareil de mdangt des 

covleurs , G Farbe7imtscha2)pcLrat)j 
313 (32) 

— screens (see Colour filters) 

— sensitivity of eye (F and G , see Chro- 

matic sensit ), 64 

' — solutions for testmg photometric 

observers, 263 

— specification by colour charts, 309 
monochromatic interval spectro- 
photometry, 310 

of a surface, 384 

— temperature (F temp de covleur 

dquiidlentey G Farbtemperatur), 
270 

and efficiency of electric lamps, 272, 

290 (11) 

of modem illummants, 478 

selective radiators, 38, 271 

scale by means of lamp and blue 

glass, 290 (13) 
leuooBcope, 273 

— triangle (F triangle de Maxwell , G 

Farbendreiech), 303 

— vision of photometric observers, Testing, 

263 

, Theories of, 71 

Coloured chemical solutions for hetero- 
chromatio photometry, 246 

— glass filters, Effect of temperature on, 

243 

Commission Internationale de I’Eolairage 
(see International Commission on Illu- 
mination) 

Comparison lamp, Definition of (P lampe d 
comparaison , G ZwiacJienlicht- 
quelle, or Vergletchslampe), 460 

for photometry, 140 

in bench photometry, 161, 166 

Compensated test surfaces for illummo- 
meters, 343 

Compensation, or mixture, photometer 
(P phot d compensation, or pLamdlange , 
G Kc7mpensationa-( Mischungs-)ph ), 230 
CJompIementary after-image m vision, 70 

— colours, Effect of colour adaptation of 

eye on (P couleurs compldmen- 
taires , G Komplementarfai'ben), 

313 (34) 

, Frequencies of, 313 (34) 

on the Ma 3CWELL triangle, 303 

— hues, Defimtion of, 407 
Complete radiator (see Black body) 
CJompoaite light. Nature of, 46 (11) 
Conditions for colorimetric measurement, 

314 (46) 

flicker photometry, 269 

Cones m human retina (P cdne , G 
Zapfen), 60 

Conhoy's photometer, 3 
Constancy of electric lamps as staudaicls or 
sub-standards, 136, 447 
Constant deviation pi ism, 24 

spectrometer, 274 

Constants of radiation, 46 (41 ) 

Contrast in vision, 70 

— , Simultaneous, m heterochromatic 
photometry (P contraste simvltandc , 

G simultaner Kontrast) 236 
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Contrast tolerable to normal eye, 78 (30) 

— Photometer head with variable, 158 

— form of Lummeb-Brodhun head (P 

phot d contraste , G Kontraatphoto^ 
meter) 167 

— method of heteroohromatio photometry^ 

81 (86) 

— photometer, Gezeohus’, 188 (24) 

, KRttas’, 189 (34) 

— prmciple applied to Bunsen head, 

162 

— sensitivity of eye (P aermbiltt^ au con- 
trasie , G UrUerschiedsempfiridlichkeit)^ 
62 

Conversion from one system of colorimetry 
to another, 307 ' 

trichromatic system to another, 

298 

— factors for photometric units (P facteur 

de transformation, or conversion , G 
Ubersetzungskoeffizieni), 470 
Co-ordinate paper, Sine or cosine, 120 
(20) 

Cornea of oyo (P. com<fe , G Hornhaut), 
40 

Cornu’s “ cat’s eye,” photometer, 183 
Corona, Measurement of brightness of 
sun’s, 430 

Correction for perscnal error m bench 
photometry, 167 

prismatic dispersion m spectro- 
photometry, 276 

thickness of absorbing filter, 23, 

182 

photometer screen, 103 

Cosine cubed law of illumination, 97 

— orroi in photometry, 161, 164, 187 (14), 

196, 262 

— law of emission (P loi du cosuius , G 

Kosiniisgcaetz), 100 

illumination, 9b 

, Proof of, 19 

photometers, 182, 262 

Critical frequency (P fr^ence ci iltque , G 
Verschmeizungafrequenz), 62 

curves for lights of different colours, 

249 

method of heterochiomatic photo- 
metry, 249 

Crittenden and Rosa on pentane lamp, 
129 

Crookes’ photometer, 4 

— radiometer as photometer, 334 (8) 
Crova’s boiling zme standard of light, 

14 (06) 

— photometer, 192 (88) 

— spectrophotometer, 282 

— wave-number (wave-length) method of 
heteroohromatio photometry, 240 

Cube as photometric integrator, 225 
— , Integrating, as comparison source, 221 
— , Lurqier-Brodhun, 166 
Cube photometer (^ee Integrating cube) 
Current and candle-power relationship for 
electric lamps, 481 

— , Dependence of, on voltage in photo- 
electric cell, 329 

Cylindrical source. Radiation from, 104 
CzuDNOOHOWSKi’s mixture photometer, 

237 


Daohphotometer, Weber’s, 3 
Dark current in photo-electric cells (P 
courant d'obacunti , G Dunkeleffekt), 331 
Daylight attachment for lUumination 
photometers, 367 

— factor at an indoor point (G- 

Tagealichtquotient), 366 

, Calculation of, 370 

, Measurement of, 368 

— filter for illumination photometiy (G. 

TagealtcMfilter), 369 

heteroohromatio photometry, 243 

— illummation. Measurement of, 364 
Decoudun’s photometer, 10 (11) 

Defimng equations for photometric quanti- 
ties, 461 

Definitions of photometric quantities, 461 
Densitometry of photographic plates (P 
densiiomdne , G Schiodrzungameasu.ng), 
391 

Density. Photographic, Definition of (P* 
denaiti, or noircisaement , G Schwdrzung, 
or Dichte), 407 (64) 

Desains and Provostaye’s photometer, 4 
Detail, Rate of perception of, 62 
Deviation of light by prism (G Abivetchung), 
21 

Diaphrogmed source. Photometry of, 108 
Diaphragm method of stellar photometry 
(P mdthode d diaphragms, or d grillage , 
G Blendenmethode), 426, 431 (8) 

— photometers, 182 
Dtbdin’s hand photometer, 362 

— pentane lamp, 6 
Differential spectrophotometer, 279 
Diffraction m spectrometer (G AblenJcuiig), 

278 

— grating (P r^eau de diffraction , G 
Qitier), 26 

Diffuse emission, 100 

— illumination. Definition of (F eclatmge 

diffuae , G zeratreule, or diffuse, 
Baeurhlung), 466 

— reflection factor (P facteur de reft 

diffuse , G diffuses Bejlcx^iotia 
vermogen), 110, 114 

, Definition of, 404 

, Measurement of 378 

from opal glass and white celluloid, 

342 

, Theories of, 114 

— transmission (P transmission diffuse , 

G diffuse Durchldssigleil), 118 

factor. Measurement of, 390 

Diffuser, Perfect, 100 

Diffusing power (P pouvoir diffiisif, c»r 
pouvoxr de diffusion , G Btreuier- 
mdgen, or Lichisireuvermdgeii), 118 

— surface or medium, Definition of (P 

dtffuseur , G streuende Flache)A(i5 

for illummometer test surface, 342 

use in photometry, 116 

of various forms, Raiation from, 102 

Diffusion, Atmospheric, 119 

— m absorbing filters (G Slrpuung), 181 
illumination system, Measuiement of 

degree of, 363 

Disappearing filament pyrometer (P pyio- 
metre d filament disparaissant , G 
QllXhfadenpyi ometer), 1 36 
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Discharge tubes as radiators (F tube de 
ddcharge, G Entladuiigardhre), 39 
Disormunation of colour by eye, 66 

— threshold for coloured lights (F aenai- 
bihtd different-idle pour lea couleura , G 
Unterachtedaempjindhchkeit gegen Farben- 
tone), 264 (6) 

Disc^ Sector {aee Sector disc) 

Disc, Forms of Bunsen, 163 

— source, Radiation from, 102 
Dispersion by refraction (G Z&ratreuung), 

24 

— , Effects of prismatic, m spectrometer, 
276 

— photometer (F ph d diaperawn , G 
BiaperaionaphoiovideT), 183 

Distribution of candle-power m horizontal 
or vertical plane, 194 

— of electric supply m photometric labora- 

tory, 436 

— curve, Definition of (F courbe do rdparti- 

itan lumineuae , G Liehtverieil- 
ungakurie)j 466 

of candle-power, 88 

Diversity factor of lUummation system (F 
coefficient de uniformity, G Ungleich- 
fonmgleit der BdeucJUung), 363 
Dominant wave-length, De^ition of (F 
longueur d^onde dominante , G reprd- 
eentierende Wdlmlange), 467 
Double-image prism, 29 
Double refraction (G Doppelbrechung), 27 
Double-weighing (substitution) method of 
photometiy (F methode d double peade, 
or d substitution , G Subatituiiona- 
methode), 161 

Dove’s polarisation photometer, 4 
Dow on flicker frequency, 63 

— cosme flicker photometer, 262 
photometer, 192 (87) 

Draper’s platmum standard of hcht, 14 

( 66 ) 

Dry cells for illumination photometers, 368 
Duddino and Paterson on pentane lamp, 
128 

Duplicity theory of colour vision (Q 
JDuphcitdtatheorte), 72 
Duration. Effect of, on visibility of point 
sources of light, 70 

— period for flickermg illumination, 62 
Dykes’ integrating photometer, 206 


Eastman-Kodak acetylene lamp es sub- 
standard, 139 

— photometric fflters, 243 

Edge of searohbght beam, Defimtion of, 
423 (11) 

Edqerton standard lamp, 13 (49) 
Edinburgh photometer bench, 187 (6) 
Edridge-Green theory of colour vision, 73 
Effective (apparent) candle-power, Defim- 
tion of, 467 

— wave-number (wave-length) of pyro- 

meter glass, 135 

— bght centre of oyhnder (F centre, or 

point, lumineux yquivalent , 
G I/ichlachiuerimnJct), 104 

disc, 102 

flame, 106, 169 


Effective hght centre of gas mantle, 104, 
169 

rectangle, 106 

screened source, 108 

sphere, 122 (52) 

squirr«d-oago filament, 107 

Efficiency, Luminous, of electric lamp (F 
rendement lumineux , G Olconomie, oi 
apezifiacher Veibrauch), 318 
Electric arc standard of light, 131 

— circuits to photometer bench, 439 

— eqmpment for photometer room, 437 

— filament lamp as standard of light (F 

lampe d tncamleaceticc , 
G QlilUampe), 6, 136 

spectral distribution, 272 

sub-standard of candle-power, 

137 

, Characteristic equations for, 481 

, Constancy of, as sub-standartlH, 

136, 447 

, Life testmg of, 461 

— supply for photometric laboratory, 435 
Eleotro-lumin escenoe, 33, 39 
Electrolytic dissociation theories of aolour 

vision, 74 

Electromagnetic theory of light, 31 
Electrons, Function of, in Tight 
32 

Elster and Geitel’s photo-eleofcrio ooll, 
326 

Elster’s block photometer, 160 
Emission from selective radiators, 38 
Emissivity of black body (F pouvoir 
ymiaaif , G StraMungavenndgeii, or 
Lichtabgabe), 3 

Enamelled iron as illuminometer test 
surface, 342 

Equahty of brightness method of photo- 
metry (see Sti^y comparison method) 
(F mdnode d^dgaLity d'yclal , G MetJiode 
gleicher HdhgkeU) 

Equations, Characteristic, of lamps (ace 
Characteristic equations) 

Eqm-lux curves (F courbe dqmlux , G 
laoluxhirve), 98 

Error, personal. Allowance for, in bonoli 
photometry (F erreur paraonnelle , G 
BeobacUungafehler), 167 
Evans’ photometer bench, 187 (6) 
Excitation values of a colour (F degrd 
d^ excitation , G. Eichwert, or VeUenz), 303 
Eimoaure, Effect of irre^anty of, on 
nicker photometer speed (F temps de 
poae,QT d" exposition , G Bxpoaitionazeit), 
251, 260, 268 (86) 

Extinction coefficient (F coefficient d'extinc- 
lion , G. Extinctionakoeffizient), 124 (86) 

— photometer (F ph d diaparitton , Q. 
Extiiictionaphotorneter), 2 

Extraordinary ray m double refraction (F 
rayon extraordinaire , G auaaerordenth- 
cher Strahl), 27 
Eye, Accomodation of, 49 
— , Adaptation of, to colour, 313 (27) 

light, 64 

— , Brightness difference perceptible by, 62 
— Colour difference perceptible by, 06 
— — fields for, 68 
— , Dioptrics of, 76 (3) 
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Eye, EflEeot of adaptation of, on complemen- 
tary ooloura, 313 (34) 

— , Eatigue of, in photometry, 316 
— , Inability of, to make absolute measures, 
146 

— , Limits of light and colour perception 
for, 07 

— , Photochromatio interval for 68 
— , Sensitivity curve of {aee Luminosity of 
radiation) 

— , Structure of, 48 
— g Threshold of stimulation for, 07 


Pabry and Buisson microphotometer, 394 

— coloured solutions for heteroohromatic 
jihotometry, 246 

Factor of utilisation (see Utilisation factor). 
Fatigue of eye in photometry, 316 
Feohner’s fraction (F fraction de F ; G 
Unterschiecls-Schwellenwert), 62 

in presence of colour difference, 264 

( 5 ) 

PiiBY acetylene standard, 14 (00) 

— pyroiuotor, 133 

Field of view. Effect of size and brightness 
of, in flicker photometry, 203, 
260, 269 

, ProjDosed standard of size and 

brightness of, m ooloninotry, 
314 (46) 

, Rotation or reversal of, m photo - 

meter head, 238 

, Types of, in spectrophotometers, 

277 

, Use of bright surround for, in 

photometry, 186 

vision of eye for various colours (F 

chamii visuel , G Oesichtsfeld), 68 
Filainoiit brightness, Measurement of, 402 

— lamp (see Electric filament lamp) 

Filter, Colour (see Colour filter) (F ecran, 

ovJlUrCg cohrd, Q farbtges Ijichljiltei). 
— , Neutral (aee Neutral filtei) (F derail 
neulre , G farblosea Lichtjilter), 

Fixed distance method of photometry, 161, 

Flame brightness, Measurement of, 402 

— aouioos. Adjustment of, for bench 

photometry, 169 

, Design of room for photometry of, 

446 

Measurement of m s c p of, 221 

, Radiation from, 106 

Flashing lights. Visibility of, 70 
Fleminq-Ediswan standard oloctnc lamps, 
136 

Flicker, IvBS and Kingsbury’s theory of, 
63 

— , Sensitivity of eye to (aee Flicker sensi- 
tivity of eye) 

— method of photo-electric photometry, 

330 

photometry. Comparison of, with 

steady comparison (equality 
of brightness) method, 262, 
296 

Lummosity (visibility) curve 

by, 294 

, Validity of, 263 


Flicker photometer (P ph d sctiUiUation, 
or d papillottejneni, oi d dclats, or d 
clignoteine'iit , G Fliminerplu)lo~ 
meter, or Flacler photometer), 260 

, Abady and Simmange’s, 261 

Beohstein’s, 261 

Dow’s cosine, 262 

for meosurmg lUummation, 362 

, Guild’s, 261 

Ivbs-Braj)Y, 200 

, Ives’ polarisation, 261 

, KBdas, 262, 263 

, National Physioal Laboratory, 

261 

, Ppund’s, 263 

Rood’s, 261 

, SlMaCANOE-ABADY, 261 

Speed, Effect of irregularity of 

exposure on, 267, 200, 208 (85) 

for various colours 266 

Standard conditions for uso of, 259 

, Theory of, 267 

, Whitman’s, 261 

Wild’s, 261 

Yvon’s, 268 (87) 

— sensitivity of eye, 02 

, Effect of size of field on 264, 

266, 269 

— spectrophotometer, 286 
Fluctuating sources Photometry of, 184 

, by photographic methods, 333 

, Polar curve determination for, 200 

Fluctuations of daybght illumination, 304 
Fluoresoenoe, 33, 41 

Flux, Luminous (aee Luminous flux) (F. 

flux lumineux , G LtcIUatwm) 
Foot-candle, 96 
— , Definition of, 462 
“ Foot-candle meter,” 364 
Poot-lambort, 101 
— , Definition of, 465 
Forced life-tests of electric lampi 465 
Forrest arc as standard of light, 13 L 
Forsythe, Cady and Hyde on luminosity 
(visibility) curve, 295 
Foster iiyrometor, 133 
Foucault’s photometer, 2 
Fovea ceniralia of eye, 61 
Fox Talbot (aee Talbot) 

Frame for tilDng sources for polar curve 
measurements, 194 
Fraunhofer spectrophotometer, 209 
Frequency, Critical (aee Critical frequonoy) 

— in wave motion, 17 
Fresnel (unit of frequency), 46 (3) 

— bipnsm, 22 

, Use of, in photometry, 169 

Gas calorimeter. Boys’, 444 

— equipment for photometer room, 443 
Gos-hlled lamps as substandaids of m s c p 

(F tampe d atmosphere gazeuae , 
G GaafUllungalampe) 222 

, Effect of position on c p of, 230 (3) 

, rotating, 230 (10) 

— photo -eleotrio cell, 43, 326 

Goa lamps os compaiison lamps (F lamped 
gaz, or bee de gaz , G. QaaglUlUampe, 
or Oaabrenner), 140 
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Gas JamiDB, Effect of calorific value on c p 
of, 190 (63), 444 

humidity on o p of, 190 (64), 

445 

, pressure on o p of, 190 (62), 

443 

, Life testing of, 449 

, Measurement of, in integratmg 

sphere, 221 

, , on photometer bench, 169 

— pressure, Regulation and measurement 

of, m photometry (F presawn de gaz , 

G Qaadrucl), 169, 443 

— supply for photometric laboratory, 443 
Gehlhofp's stellar photometer, 426 

— telephotometer, 398 

Qbitel and Elstbe’s photo-electric cell, 
325 

Gezeohtjs’ (H6s6hus’) contrast photo- 
meter, 188 (24) 

Gibbs and Stanbuey’s illumination photo- 
meter, 372 (14) 

Gieoud’s standard, 5 
Glands polarismg prism 29 

— spectrophotometer, 282 
Glan-Thompson pnsm, 29 

Glare (F iblouiaaemimt , G Blmdung), 57 
— , Veiling (G. SchJeier - Bhndung), 

68 

Glanmeter, 381 

Glass, ^pal, as illummometer test surface, 

— , Reflection factor of, 112 
Transmission factor of, 117 

— colour filters, Effect of temperature on, 

266 (31) 

for use in heterochromatic photo- 
metry, 243 

GIiAZebrook’s spectrophotometer, 282 
Globe photometer (aae Sphere photometer) 
Gloss of paper. Measurement of (F, ddai , 

G aUinz), 381 

— tester, Tbottee’s, 382 

Glow lamps, Electric (see Electric filament 
lamps) 

Goldbeeo wedge in photometry, 180 
Gold, Melting pomt of, 133 
Goldhammee expression for luminosity 
(visibility) curve, 296 
Graded illumination, Method of producing, 
192 (80) 

Graphical representation of spectral reflec- 
tion or transmission curves, 289 
Graph paper, Sme or cosine, 120 (20) 

Grating, Interference or diffraction (F 
idseau, G Gitfer)^ 25 

— form of neutral filter, 180 

— method of photographic stellar photo- I 

metry (F grillage), 428 I 

Grease-spot photometer (see Bunsen | 
photometer) (F ph d iojehe d'huile, \ 
G Fetfjleckphotomsier) 

Gsbbnwioh formula for photographic 
stellar photometry, 428 
Grey body radiation (F corps giia, 

G grauer Korper), 38 

Geosse’s mixture (compensation) photo- 
meter, 237 

Guild’s flicker photometer, 261 

— spectrophotometer, 280 


Haqbn and Rubens’ method of measuring 
spectral reflection curves of polished 
surfaces 383 

Halbehtsma’s diagram of diffusmg powr, 
118 

Haldane, Butterfield and Trotter on 
pentane lamp, 128 
Hallwaohs effect, 42 
Hand photometer, Dibdin’s, 362 
Haecouet pentane lamp, 5, 126 
Harrison’s “ Lightmeter,” 374 (38) 

— “ Lightometer,” 362 

— street photometer, 362 

Hartley’s photometer for polar ourvo 
determinations, 196 
Hartmann’s microphotoineter, 393 
Headlights, Photometry of (F plmre 
d'mtomobile , G AutoinobilaciLeinwerfer), 
419 

I Hefner candle and system of units (F 
I bougie Hefner , G ife/ijcrlcr^e), 120 (10), 
470 

Hefner lamp, 6, 129 
Helium stan^rd of bght, 6 
Heilmholtz’ colour mixer, 313 (32) 

— theory of colour vision {aee Youno- 
Helmholtz) 

‘ Hemeraphotometer,” A IC Taylor’s, 
368 

Hemisphere as photometric integrator (G 
Halhhigel), 227 

Hemisphencal intensity (c p ), Mean [aee 
Mean hemispherical intensity) 

— integrator for measuring flux m projec- 
tor beam, 422 

Hbrinq’s theory of colour vision, 74 
HiisijBiTa {aee Gezeohus) 

Heterochromatic photometry by ducct 
oompanson (F photomUne 
hdtdrochrome , G heterochrome 
Photo inetne), 237 

spectrophotometer, 239 

, Fundamental necessity for, 236 

Hilqer spectrophotometer {see Nuttinq- 
Helger) 

Hohlraum {aee Black body) 
Holborn-Kurlbaum optical pyrometer, 135 
Holder for lamps for photometric work 
(F douille , G Fa^sung), 438 
Holophane “ Lumeter,” 353 
Homochromatio after-image m vision (F 
image aecondaire positive , G glewk- 
I farbige, or positive, Nachbild), 70 
I — field of view m spectrophotometers, 270 
' Homogeneous radiation, 24 
I Horizon, Effect of obscured, on outdoor 
I illumination, 366 

I Horizontal mtensity (c p ), J^Ieou {see 
Mean horizontal intensity) 

Horizontal candle-power distribution, 
Measurement of, 194 

curve, Definition of, 466 

Houstoun and Kennelly’s illumination 
photometer, 362 

Hue, Defimtion of, m colorimetry (F 
temte, G Farbton), 467 

— m monoohromatio colorimetry, 300 

— sensitivity of eye, 66 
Hufner rhomb, 160 

— spectrophotometer, 282 
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Humidity, Effect of, on o p of gas lamps 
(G FeucMmlceii), 190 (54) 

— , , on Hefner lamp, 130 

— , , on pentane lamii, 128 

Huyghens’ oonatniction for double refrac- 
tion, 27 

— theory of light, 16 

Hyde, Eorsythe and Cady on luminosity 
(visibility) curve, 295 
Hyde’s sector disc, 178 

— verification of Talbot’s law, 176 

Iceland spar, Double refraction in, 27 
Icosahedron as photometric integrator, 22G 
lUuminants, Colours of modern, on mono- 
chromatic system, 314 (39) 

— , , — trichromatic system, 3 13 

(31) 

Hhmiinalion as fundamental photometric 
quantity (E ddairage, or &laireinent , 
G Beleuchtu7ig), 120 (2) 

— , Definition of, 95 
— , Effect of, on viaual acuity, 64 

— in searchlight beam, 415, 417 

— m the open, Measurement of, 300 
— , Method of measuring, 360 

— charts, 376 (67) 

■ — curve (E courhe d'ddaireynent , G 
Bdeiichtungskurm), 97 

— photometer, Accessories for (F lux- 

mkke , G Beleuchiuvgarriesaer), 367 

, Ammeter for, 367, 368 

. Battery for, 367 

, Bechstein’s, 374 (33) 

, Benjamin “ Lightmeter,” 374 (38) 

■ , B E S A specification for, 341 

Blondbl’s, (a) 362, (b) 372 (14) 

, Burnett’s, 372 (14) 

CJolibration of, 366 

— — Callow’s, 372 (14) 

, Checking cahbration of, 360 

. Clicmical, 366 

, Classen’s relative, 370 

Dibdin’s, 362 

, Dry cells for, 368 

— — , Eleotnoal measuring instruments 

for, 368 

, Everett-Bdooumbe “ Luvoiueter,” 

361 

, “ Eoot-candle meter,” 364 

for measuring caudle-imwer, 172 

reflection factni-s, 378 

polai curve determinations, 200 

, Gibbs and Stanbdry’s, 372 (14) 

. Harrison’s “ Lightmeter,” 374 (38) 

. — “ Lightometer,” 352 

— portable, 362 

, — street, 362 

, Holophanb “ Luraoter,” 353 

, Houstoun and Kennelly’s, 362 

, KrIIss-Winoen, 362 

, “ Lumeter,” 363 

, “ Luxometei,” 361 

Macbeth’s, 347 

, Marshall’s “ Liiminomotcr,” 362 

, Martens’, 372 (14) 

, Method of using, 360 

, Physical, 366 

— Prekoe and Trotter’s, 373 (10) 
, Relative, 308 


Illumination photometer. Rum’s, 372 (14) 

Ryan’s, 372 (14) 

Sharp-Millab, 348 

, Taylor’s relative, 368 

, Test surfaces for, 342 

, Thornbr’s relative, 368 

, Tbezise’s, 372 (14) 

. Trotter’s, 360 

, — “ Luxometer,” 361 

, Tuck’s, 373 (14) 

, Voltmeter for, 368 

, Weber’s, 346 

, — relative, 308 

Winqen’s, 362 

— tester, Thorn er’s, 368 
Uluinmometer {aee Ulumination photo- 
meter) 

Image, Brightness of optical, 109 
Incandescent electric lamps (see Electric 
filament lamps) 

— mantle lamps {aee Gas larajis) 

Tndicatnx of diffusion, 118 
Instantaneous candle-power measurement, 

184 

Instruments, Electrical measuring, for illu- 
mination photometers, 368 

— , — photometer room, 442 

Integrating cube photometer (E cube 

tut^arUe , G. integnereyider W'Urfel ) , 
226 

— hemisphere (E hdnvts’phhre iMgmnle , 
G tniegnerende JIalblugel), 226 

integratmg photometer {aee also Photo- 
metric integrator). 

Blondbl’s 206 

, Dyke’s, 206 

, Early forms of, 204, 232 (37) 

— — , Leonard’s 206 

, Matthews’, 206 

. Sahulka’s, 232 (37) 

— jphere, Devices for changing lamps in 

(E. aph^re int^grante , G ints- 
gnerende Kugd)y 219 
— - — f )r use in testing laboratoiy, 219 

or cube os comparison source, 140, 221 

, Theory of, 206 

Intensity and size of field, Proposed stan- 
dard of, for colorimetry, 314 (46) 

— , Luminous {aee Candle-power) 
Interference of light waves, 26 

— bands in thin films (Talbot’s bands), 26 

— gratmg (E rdaeau , G QiUer), 26 

— photometer, Lummer’s, 184 
International agroemoiit on unit of candle- 

power, 130 

— caudle, 80, 130 

— Commission on Illumination (F Comm 

hit de V J^clairage , G Int 
BeleuchtuiigaJcomtmasion), 
84, 130, 136 

, Definitions ajiprovod by, 401 

Intrinsic brightness or brilliance {aee 
Brightness) 

Inverse squaie law (P lot de Vmverae dii 
cand , G photometnacJter Ent‘ 
fernungageaetz), 19, 96 

, Departures from, due to size of 

source, 102 

, Photometry based on, 147 

, Practical proof of, 121 (30) 
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Ionisation by collision in photo-electric cell 
(P wnuaiMn chocs , G Stosstontaa- 
t%on), 43 
Iris of eye, 49 
Iso-candle diagram, 89 
Iso-lux diagram (F courbe ^%-lux , G 
Iaolux1curve)t 96, 194, 362 
IvBS’ (F. E ) colorimeter, 304 
Ives (H B ) and Beady’s flicker photo- 
meter, 200 

KENaSBTjEY on liumnoBity (visi- 
bility) curve, 296 
theory of flicker, 63 

J ihotometer, 267 
^ e artificial eye, 321 
— ourves of critical frequency, 249 
— form of black body standard of light, 135 

neutral filter, 180 

— mveatigation of flicker method of 
photometry, 263 
— photo-electric cell, 327 
— polarisation flicker photometer, 201 
— spectrophotometer, 282 
— visibihty template physical photometer, 
321 

Jamin’s photometer, 4 
Jolt’s block photometer, 160 
Juxtaposed spectra type of field m spectro- 
photometers, 277 

Keatbs* standard lamp, 12 (43) 

Kelvin (absolute) scale of temperature, 
144 (34) 

Kennelly’s construction for finding 
m s c p., 92 

Kennelly and Houstoun’s illumination 
photometer, 362 

K£ngsbtjby’s form of expression for 
lummosily (visibihty) curve, 296 
— and Ives (H E ) (see Ives and Kinos- 
buey). 

Kieohhoff’s law, 33 

Koch’s microphotometer, 396 

Kodax acetylene lamp as sub-standard, 139 

— photometric filters, 243 

KOnig on lummoBity of radiation, 64 

Maetens’ spectrophotometer, 281 

KfiNiGSBEEGEE’s Spectrophotometer, 282 
Krtes ( J von) theory of vision, 72 
Keuss’ oontrart photometer, 189 (34) 

— flicker photometer, 262 
form of LuMMEB-BRODHtTN photo- 
meter, 263 

— form of Bunsen photometer, 188 (19) 

Lummee-Beodhun photometer, 

167 

— mixture photometer, 266 (13) 

— -WiNGEN illumination photometer, 352 
Kuelbaum and Lummistvs standard of 
light, 131 

LABOEATOIEE CENTEALD’ELEOTEICITjfi^ 137 
Lag m response of selemum bridge (F 
retard , G TrdgJieit), 323 

visual sensation after illumination, 69 

Lambert (umt of brightness), 101 
— , Definition of, 464 
Lambebt’s law of difiuse emission, 100 
— photometer, 1 


Lamps, Mountmg for, on photometer 
bench, 149 

— , Special sockets for, in photometric 
work, 438 

Least visible amount of radiation (F aeutly or 
minimum perceptible , G Schwellenwert, 
or minimum aichtbare StraJdung), 68 
Leeson form of Bunsen disc, 164 
Lens, Brightness of in Maxwellian view 
(F. leniule , G Linae), 109 

— and prism. Transmission of, 391 

— of eye, 49 

— , Refraction by, 22 
LiiONAED’s integratmg photometer, 206 
L^pinay and Nioati’s method of hetero- 
chromatio photometry, 242 
Lbthbbt photometer bench, 187 (6) 
Leucosoope 244 

— method of establishing colour tempera- 

ture scale, 273 

LichtJcdrper (F surface charactdnatique), 194 
Liebenthal on Hefneb lamp, 130 
Life-Efficiency relation for dectrio lamps, 
468 (49) 

Life test of electric lamps (F essai de dur^ , 
G Lebensdauer- (or Brenndauer-) 
prilfung)t 461 

gas lamps, 449 

curve, 466 

, Defimtion of, 466 

Light, Aotmio, 18 
— , Definition of, 464 
— Electromagnetic theory of, 31 
— , Frequency and wave-length of, 17 
— , Maxwell’s theory of, 31 
— , Meohomcal equivalent of, 296 

— , , DeMtion of, 466 

— Nature of, 16 
— Quantity of, 464 
— , Ultra-violet, 18 
— , Velocity of, 16 
— , Wave theory of, 16 

— sources, Brightness, temperature, etc , 

of, 478 

, Colours of modem, on monochro- 
matic system, 314 
(39), 480 

— ■ — , — trichromatic system, 

313 (31), 480 

Lighthouse lenses. Photometry of, 418 
“ Loghtmeter,” Harrison’s, or Benjamin, 
374 (38) 

“ Lightometer,” Habeison’s, 362 
Limit of visibility of point sources of light, 
68 

Lone of demarcation. Necessity for fine, m 
photometer head (F hgiie de adpara- 
tion , G Trennuivgalinie), 3, 161, 166 

— source. Radiation from, 106 

— spectra (F spectre de lignea , G Linien- 

spehtrum), 40 

for spectrophotometry, 288 

Lmear thermopile, 319 
Lining-up lamp on photometer bench (F 
miae au point ; G EinateUung), 166, 169 
Little and Sharp’s compensated test 
surface for iQuiumometers, 343 

— self-levelhng teat surface for lUumino- 
meters, 360 

Locomotive headhghta, Photometry of, 419 
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Lovibond s “ Tintometer,” 314 (47) 

Lumen, Definition of, 86 
Lumen-hour, Definition of, 464 
Lumenmetera for m s o p meaBurements, 
204 

“ Lumeter,” Holophanb, 363 
Luminescence, Different forms of, 33 
— , Measurement of, 401 
Luminescent surface for illumination photo- 
meter, 374 (46) 

“ Luminometer,” Mabshall’s, 362 
Luminosity of radiation (F facteur 
de visibility , G Sichtbarleits- 
koeffizient), 63, 294 

by flicker method, 294 

step-by-step method, 296 

, Solution to mutate, 320 

, Table of values of, 471 

Lummosity curve of a source, Definition of, 
466 

Luminous “ centre of gravity ” of light 
source {see also Effective light centre) 
(P centre lumineru , G LiclUachwer- 
punkt), 224 

— discharge tube Radiation from, 106 

— efficiency of source, Definition of (F 

{rendeifient lumineux, or effica- 
ciU lumineuae , G Wirkunys- 
y7ad)j 466 

electric lamp, 318 

— flux. Definition of (F jliLX lumineux , 

G Lichtstiom), 84 

, Measurement of (see Integratmg 

photometer, and Photometric 
mtegrator) 

m projector beam. Measurement of, 

421 

measurement with photo-electric cell, 

337 (63) 

— intensity, Definition of (see also Candle- 
power) (F intenaityiumuieuse j G IacU~ 
atdrke)^ 84 

Lummer and ParNGSHEiM on black body 
radiation, 133 

LuMMER-BiionnuN contrast photometer, 
167 

— cube, 166 

— photometer head, 160 

— spectrophotometer, 278 
Lummer-Kurlbaum standard of light, 131 
Lummicr’s interference photometer, 184 
Lux, Definition of, 96 

“ Luxometer,” Trotter’s, 361 


MACBETHiUuminomotci, 347 
MacA be LiiriNAY (see LApinAy) 

Macula lutea (yellow spot) of eye (G. 
yelher Fleck), 61 

Magnesium carbonate or oxide as ilium mo - 
meter test surface, 342 
Magnitude of stars. Definition of (P 
yrandeur , G Gr68se)t 424 
Majorana’s photometer, 3 
Mantle lamps {see Gas lamps) (P manclion 
d incandescence , G OasyllUkkurper) 
— , Photometric oentre of gas, 169 
Marshall’s “ Lummometer,” 362 


Martens’ lUummation photometer, 372 
(14) 

— jihotometer for photographic densito- 

metry, 392 

(non-polarising), 169 

— polarisation photometer, 173 

— spectrophotometer (see Koniq-Martens) 
Masgart’s photometer, 192 (89) 

Matthews’ integrating photometer, 206 
Matt surface for photometrio integrators 
(P surface motet or diffusanie , G 
mattiertej or matte, Oberflachst or 
diffuse refieUierende Oberfiache) , 
210 

for use in photometry, 116 

, Reflection at, 110, 114 

Maxwell’s colour mixer, 314 (32) 

triangle (P inangle de M » , G 

Farbendreieck), 303 

— theory of light, 31 
Maxwellian view, 109 

in miorophotometry, 394 

spectrophotometry, 277 

Moan hemispherical mtensity (c p ), Mea- 
surement of, in mtegratmg sphere, 
223 

— horizontal intensity (c p ) (P intensity 

honzontale inoyemie , G mitUeie 
honzontale Licktstdrke), 88 

, Defimtion of, 464 

, Measurement of, 202 

— lower hemispherical intensity (c p ) 

(P Hit moy Mmisphynque 
mfyneure , Q untere miUl&re 
hemisphdnsche Lichtstdrke ) , 
87 

^ Definition of, 464 

— spherical intensity (c p ) (P int moy 

aphynque , G mittlere spharische 
LicTUstdrke), 87 

by measurement in one direction , 

231 (31) 

, Definition of, 464 

, Fundamental dotemunation of, 

200, 204, 222 

— upper hemispherical intensity (c p ) (P 

int moy hemi supyneure , 
G obere mitt liemi Lnchtsl ) , 
87 

, Defimtion of, 464 

— zonal mtensity (c p ), Measurement of, 
m mtegratmg sphere (P int zonede moy , 
G miU zonale Liclitat ), 223 

Mechanical equivalent of light (P equivalent 
mycluinique de la lumihre , 
G rncchaniachesLiclUaquiva^ 
lmt)t 296 

, Definition of, 466 

Meoklenburo and Valentinbr’s nephe- 
lometer, 386 

Mbbs’ photometric filters, 243 
Meridian photometer, Piokerino’s, 425 
Merton and Nicholson’s method of 
photographic spectrophotometry, 333 
Mesophotometer, Blondel’s, 206 
Metoilio oxide photo-eleotnc cells, 331 
Methods of bench photometry, 161 

working on photometer bench, 165 

Methven screen (P ytalon dcran Methven , 

I G MethvenscMitz)j 6 



496 INDEX 


Metre-candle (F. b<mg\e-mMr & , G Meter- 
kerze), 96 

M H C P {see Mean horizontal intensity) 
Mioron, 4^ 

Miorophotometry, 393 

— of reflecting surfaces, 397 
Millilambert, 101 

— , Definition of, 466 
Milbphot, 96 
MiUistilb, 122 (46) 

Mirror, Brightness of, when forming image 
at pupil of eye, 109 

— for use with Bunsen head, 162 
— , Reflection at spherical, 24 

— apparatus for polar curve measurements 

(G. Mendianapparat), 196 

— reflection factor (F facteur de rdflexton 

regulihre , G. regelmdssiges He 
fleanonaiermdgen), 381 

f Measufement of, m polar curve 

determinations, 199 
Mixed light on ^otometer surface, 164 
Mixer, Gilour (F appareil de melange dea 
couleura , G. Farbenmtachapparat)^ 313 
(32) 

Mixture of Lights, Result of, 298, 303 

— or compensation photometer (F ph d 

melange, or d compensation , G Korn- 
pensations- {or Mtschu-ngs-) ph ), 236 

— curves in colorimetry (F courbe de 

mdlange des co\ilep.ra , G Miachunga- 
kurve), 301 

Monochromatic oolormietry (F colonm^ne 
d radiatwii a%mj ^ , G monocTiroma- 
tische Kolorimeine), 306 

— colour data for common light sources, 

480 

— field, in spectrophotometry 277 
Moobjb] tube, Radiation from, 106 
Motor-car headlights. Photometry of (F 

pkare d" automobile , G AtUomobil- 

achei7iioe7fer), 419 

Mountmg for lamps on photometer bench, 
149 

M S C P. (see Mean spherical mtensily) 
MOlleb’s law in vision, 71 
Multidirectional lUummation, D efini tion of 
(F eclaireinent multidvngdj, 465 
Multiple reflection. Use of, in photometry, 
192 (86) 

Munsell colour system, 314 (47) 


Napou-Abney sector disc, 176 
National Physical Labosatory colori- 
meter, 304 

flicker photometer, 261 

mtegrating sphere, 221 

lamp rotator, 202 

spectrophotometer, 280 

standards of candle-power, 136 

type of photometer bench, 148 

Natural bght (see Daylight) 

Negative after-image m vision (F imojge 
aecondavre negative, G negative Nach- 
bild), 70 

Nephelometry (F. ndpTidleindrie , G 
Nephelometne, or Mes&ung des TrUbunga- 
grades), 384 


Neutral filters or wedges (F fiUre or coin 
n&uire, G QraujiUer, or 
Qraukeil), 179 

Diffusion in, 181 

m fllumination photometers, 347, 

349, 362, 363, 366 

Webdr photometer, 172 

Nioati’s method of heterochromatic photo- 
metry, 242 

Nicholson and Merton’s method of 
photograpluo spectrophotometry, 333 
Niool prism, 29 

used for photometry, 173 

Nitometer (Brightness photometer), 403 
Non-spherioal photometno integrators, 226 
N P L (flee National Physical Labora- 
tory) 

Null method of photo-eleotrio photometry 
(F mdthode de reduction d 
zdsTO , Q Nullmethode), 330 

spectrophotometry, 389 

Nutting colorimeter, 307 
— on relation between adaptation and 
glaring brightness, 67 
Hilger spectrophotometer, 282 


Obbque reflection, Use of, for photometry, 
192 (86) 

Obliqmty of bght reaching photometer 
head (F obliquite , G. 
Schtefe), 162, 164 

, Error due to, m polar 

curve measurements, 196 

photometer head. Error due to (F. 

inclinaison, G. Neigung), 164 
Observers, photometno. Testing colour 
vision of, 263 

Obstructions on horizon. Effect of, on out- 
door illumination, 366 
Opacimet]^, 386 

Opacity, Definition of (G JJndurcMaaaxg- 
keitavermbgen), 407 (64) 

Opal glass as lUummometer test surface (F . 
verre opcdin , G. Opalglaa (pot opal), or 
OpcMberfangglaa (flashed opal) ), 342 
Opponent colours theory of vision (F 
couleura oppoades , G Qegenfarhen), 74 
Optical apparatus. Measurement of trans- 
mission of, 391 

— black, 167 

— pyrometer, 134 

Optio axis of doubly refracting crystal, 
28 

— nerve, 48 

Oscillation about pomt of photometric 
oalanoe (F oacillcUion 
or mouvement de va-et- 
vient , G Schmngung, 
or hin und her Bewe- 
gung), 148, 316 

, Mechamcal device for, 

334 (2) 

Ostwald’s colour system, 314 (47) 

Outdoor lUuimnation, Effect of obscured 
horizon on, 366 

Out-of-foous method of photographic 
stellar photometry (F mdthode de V image 
extrd-focale , G. Methode extrafokcUer 
BOder), 429 
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Overshoot m visioiij GO 
Oxide -coated filament photo-electric cells, 
331 


Paint for photometiic integrators (P 
peinture , G Anatnch), 21G 
Palladium, Melting point of, 133 
Paper, Measurement of gloss of, 381 

— , translucenoy of, 406 (42) 

Parabolic reflector, Photometry of, 411, 
416 

Paraxial ray (F rayon paraiial , G 
AxenairaM), 23 
Pailiamentary candle, 4 
Paterson and Dudding on pentane lamp, 
128 

— lamp rotator, 202 

Pentane ]ain 2 ) (P /nfwpc rl pentane , G 
Pentanlmnpe), 6, 120 
Percejition of detail by eye, Rate of, 02 

, Effect of bnghtneas on 

rate of, 02 

Performance curve, Definition of (P cmtrhe 
de pfi?/orw?^nre , G Ijeiaiunyslurve)^ 400 
Peripheral vision (F vmoih 2)^fiphmqne , 
G penpherisclisa Selien), 58 
Persistence of vision (G ajchdaner de) 
TAchtempJlndung), 02 

Personal error, Correction foi, in bench 
photometry (F erreur peraonndU , G 
BeobacMungafehlei ), 107 
Petavel on ViOLLB standard, 131 
Pfund on solenium bridges, 323, 324 
Pfund’s flicker photometer, 263 
Phosphorescence {aee also Luraiaesooiice), 
33 

Phot, 05 

Photo -ohoinical theories of colour vision, 
74 

Photochromatic interval of eye (P inter- 
valh pliotochroniatique , G faibloaes 
l)itervaU)t 08 

Photo -electric cell and colour filter os 
artificial eye (F pi/e, or cellule^ 
pliotodlecl) iqne , G licIUeleLlriache 
7jelle), 330 

' for microphotometry, 395 

photometry, 325, 330 

Fatigue of (F fatigue pliotodl ; G 

lichtel ErmUdung), 320 

, Voltage-current curve for, 329 

with oxide-coated filament, 331 

— flicker method of measuring tranamis- 
uion, 390 

Photo-electricity (P photodhdncitd , G 
Lichtelektrizitat), 42 

Photo-electric null method of photometry, 
330 

spectrophotometiy, 389 

— stellar photometry, 429 

— theories of colour vision, 74 
Photographic densities, Measurement of, 

392 

, , by photo-electric cell, 390 

— methods of stellai iihotomotry, 427 

— photometry, 331 

— sensitometry, 392 

— spectrophotometry, 333 
Photo -luminescence, 33, 41 


Photometer (see also Illumxnation photo- 
meter, Photometer head. Relative 
photometer, Stellar photometer) (P. 
photomHre , G Phoionietefs or Iricht- 
ineaae) ) 

— , Absolute, 147 

— , Aciuty (see Acuity photometer) 

— , Abago’s, 3 
— , Arnoitx, 192 (87) 

— , Ayrton and Perry’s, 183 
— , Babinet’s, 4 

— based on persistence of vision 78 (47) 
pupillary diameter, 66 

— , Begquebel’s, 4 
— , Beer’s, 3 
— , Bernard’s. 4 

— , Blond el and Brooa’s, 192 (89) 

— , Bouqiter’s, 1 
— , Classification of types of, 147 
— , Cisine, 182 
— , Crookes’, 4 

— Crova’s, 192 (88) 

— depending on multiple or obbquo reflec- 

tion, 192 (86) 

— Dispersion, 183 

— , Dove’s poUiisation, 4 

— Dow’s cjsine, 192 (87) 

— , Early forms of, 187 (11) 

— , Extinction, 2 

— , Fhcker (aee Plickei ijhotomoter) 

— for measuring photographic densities, 

392 

— , Foucault’s, 2 
— , Jaahn’s, 4 
— , Lambert’s, 1 
— , Lummer’s interference, 184 
— , Martens’ ^i^larisation, 173 
— , Mascart’s, 192 (89) 

— , Polarisation, 3, 172 

— Portable (aee also Tllumination 2^hoto- 

meter), 171 

— , Provostaye and Desains’, 4 
— , Pulerioh’s, 184 
— , Queen transii^rtablo, 190 (67) 

— , Relative (see Illumination photometer 
and Relative photometoi) 

— , Relative merits of different forma of, 186 
— , Rumford’s, 1 
— , Salomons’, 4 

— , Stellar (^ee Stellar photometer) 

— , Stereoscopic, 184 
— , Transportable forms of, 171 
— Variable diaphragm (P pL d dia^ 
phragtne vanable , G Diaphraginen^ 
(QT Blenden-) photontelei)^ 183 
— , Weber’s, 172, 175 
— , Wedge, 179 
— , Wheatstone’s, 78 (47) 

— , Wild’s polarisation, 4 
— , Zollnbe’s, 4 

Photometer bench (F banc pJiotomdriqiie , 
G PhoiomMerbanh), 147 

carnage. Essentials of (P chariot , 

G Wagon), 148 

Early forms of, 187 (6) 

, Edinburgh, 187 (6) 

, Evans, 187 (6) 

, Graduation of, 148 

, Letheby, 187 (6) 

— ■ — , Recording device for, 190 (49) 
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Photometer field, Rotation oi reversal of 
(P. champ de vue pTtotomdlrt^e , 
G phoiometnache Omchtafeild), 238 

, Need for fine line of division in, 3, 

161, 166 

Photometer head. Adjustment of, to avoid 
oosme error (P. photomktre , G 
Photometer), 164 

, Block, 160 

Bothb’s, 192 (87) 

, Beodhtin' (see Lummbe-Beodhtjn) 

, Btjnsekt’s, 4, 162 

, Coneot’s, 3 

, Contrast, 162, 167, 189 (34) 

, Daoh (Roof), 3 

^5 Eistee’s block, 160 

, Error due to tluckness of screen m, 

163 

— , twist or tilt of (aee Cosine 

error). 

, Essential parts of, 147 

, Paults m design of, 161, 164, 163 

, Gezeohus (HAstHTJS) contrast, 188 

(24) 

, Jolt’s block, 100 

, KEtJsfl’ contrast, 189 (34) 

, Lummee-Beodhun (P ph d cmn- 

paraiaon directe , G Oletchhetta- 

, — ^^ontrast (P ph d contraate , G. 

KontraMpnotomeier), 167 

, Majoeana’s, 3 

Maetens’, 169 

, Need for fine line of division in, 3, 

161, 166 

, Part-silvered mirror, 188 (29) 

Requirements of good, 147, 161, 

165 

, Rttohib’s, 3 

, Roof, 3 

, Thomeson-Staeung, 3 

, Teottbe’s, 3 

, Wbeeb’s Daoh (roof), 3 

Photometer, Integrating (aee Integrating 
photometer and Photometric mtegrator) 
(P. ph. intdgrante , G LtchtstrommeBaer) 
Photometer screen (P. dcran photomdnque , 
G Photofneterachtrm), 162 

Correction for thickness of, 163 

Photometno balance, Mechanical oscilla- 
tion about, 334 (2) 

— integrator (aee alao Integratm^ sphere, 

cube, etc ) (P, appareil photo- 
mAnque intdgraimr , G photo^ 
metnacher ffohlkorper), 206 

, Error due to absorption by objects 

withm, 216 

, colour of pamt m, 218 

for measuring total flux m projected 

beam, 421 

, General principles governing use of, 

228 

, Non-sphenoEd forms of, 226 

, SpeoiELl room for, 448 

with photo-eleotno cell, 337 (63) 

Photometno observers, Testing colour 
vision of, 263 

— sensitivity. Effect of brightness of field 
of view on (P aenaibilttd photomAnque , 
G. photoin$tr%Bche Pmpfindlichkeit), 186 


I Photometry based on contrast sensitivity, 

I 81 (86) 

] — , Factors affecting accuracy of, 316 

— on bench, Method of procedure for 

166 

— room, Equipment of (P. adlle de photo- 

nnMre ; G Plhotometerraum), 437 
, Size of, 436 

' Photon (unit of retmal illumination), 52 
Photoped, 187 (4) 

‘ Photo-visual method of stellar photometiy 
(P mAhode plwto-viauelle), 

Physical method of finding spectral trans- 
mission curves, 389 

— photometers for findmg photographic 

densities (P photom&re physique , 
G. ob^ectivea Photometer), 393 

for polar curve measurements, 200 

Phystkalisch - Teohntsohb Reiohsan- 
STALT, 137 

Piokebing’s meridian photometer, 426 
Pile of plates. Transmission factor of, 117 
Planokian radiator (aee Black body). 
PlAnok’s radiation formula, 36 

, and Wien’s, Difference between, 

I 144 (46) 

I Plane of polarisation. Determination of, 
with Maetens* photometer (P 
I «7an de polarisation , G 

I jPolanaationaebene, or Schvnn- 

I gungaebene), 176 

, Effect of, on photo-eleotno 

current, 43, 320 

, — , — , — reflection factor, 112, 

404 (17) 

Plaster of Pans as lUununometer test 
surface (P pidtre de movlage , G Qipa), 

I 342 

' Plate, Effective shortenmg of light path by, 
23 

— , Transmission factor of (P. la}m , G 
Platte), 117 

I Platmum standard of light, 130 
* Plbiee’s formula for daylight calculation, 
370 

Plotting Bpeotrophotometrio data, 289 
Plumb Tme for alignment of lamp on bench 
(P phmb , G Lot), 166 
Pomt source of bght, Definition of (P 
source ^nctuelle , G leuch- 
tende Punkt), 86 

, Visibflity of, 68 

POLAOK and Beooa on visibility of coloured 
pomt sources, 69 

Polar curve (aee also Candle-power distribu- 
tion curve), 88, 194 

Defimtion of, 466 

, Determmation of, by photographic 

methods, 333 

of diso and bne, 108 

apparatus, 194 

measurements, Error in, due to 

obhquity of li^ht at photometo, 196 
Polarisation of light, 28 

Effect of, on reflection factor, 112 

by reflection, 31, 112, 382 

Error due to, m spectro- 
photometry, 286 

, Determination of plane of, with 

Maetens* photometer, 175 
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Polarisation of light in polarisation pho- 
tometers, 176, 404 (17) 

r-. Error due to, in spectrophoto- 
metry, 286 

by quartz, Use of rotatory, m 

photometry, 244 

— photometers, 172 

Early forms of, 3 

, Errors m, 176 

, Maetens’, 173 

— spectrophotometry, 281 
Polarised light. Nature of, 28 
Polarismg angle for glass (F angh dc 

polariaation , G Polanmtioiminnkel), 31, 
113 

Pobshed shades or reflectors, Photometri 
of, 422 

Porcelain as lUuminometer test surface, 
342 

Portable light standard for illumination 
photometers, 347, 366, 369 

— photometer benches, 171 

— photometers (see clUo Illumination 

photometers) (P luxmHre, or 
irmiaportabU , Q tragbarea Ph ) , 
171 

for polar curve measurements, 200 

— reflectometer, 380 

Position, Effect of, on gas -filled lamps 
(G Stellung), 230 (3) 

— of lamp in integrating cube, 226, 229 
sphere, 208, 229 

Positive after-image lu vision (F t7tLage 
aecoiidaire positive , G poattioe NacIMd), 
70 

Potential (see also Voltage) (F potentid , 
G Spannwig) 

— and candle-power relationship for elec- 

tric lamps, 481 

— regulator for bfe-testing of electric 

lamps (F rigulcUeur de tenaimi , G 
Spann'i7ig8regler)t 463 

— variations, Methods of compensating, 
441 

Power supply to 2 ^hotometric laboratory, 
436 

Precision {aee Accuracy). 

Pressure, Effect of, on candle-power of 
gas lamps (F preaaion de gaz , G 
Qaadruch), 190 (62), 444 
— , Electrical {aee Potential or Voltage) 

— regulator (F. rdgvlateur de preaaion , G 
Qaadruckregler), 443 

Priest’s leuoosoope, 244 
Primary luminous standard, Definition of 
n? ^lon pnmaire de luimire , 
G pnmdre Lichteinheit)^ 466 

, Requirements for, 126 

Pkingshbim and Ltjmmer on black body 
• radiation, 133 

Prismatic dispersion. Effect of, in spectro- 
metry, 276 

Pnsm, Constant deviation {F priame d 
deviation conatante , G Priama mil 
f eater Ahlenhwng), 24 
— , Refraction by, 21 
— , Transmission factor of, 118, 391 
Pritchard’s wedge photometer (F. ph. d 
com abaorbant t G Keilphotomei&i), 
Procedure in bench photometry, 1 66 


Projection apparatus designed for parallel 
rays, Photomet^ of (F a'ppareil 
de projection , G Projektionaap- 
parat), 416 

, Photometry of, 411, 419 

, Track for photometry of, 449 

Projector beam, Measurement of flux in 
(F faiaceau lumineur , G. Lichtbllachel), 
421 

— a 3 rBtem, Brightness of, 109 
Provostayb and DBSAiNa’ photometer, 4 
Paycliologioal factor in visual photometry, 

P T R (aee PHYSnCALlSOH-TEOHNlSOHE 

Rbiohsaitstalt) 

Pulbrioh’s stereoBoopio photometer, 184 
Pupillary diameter, Effect of, on retinol 
illumination (F diarnktre de la 
puptUe ; G PiipilUndurchmsaaer, 
or Pupillenweite)i 62, 66 

Methods of measuring, 77 (21) 

Purity of colour, Definition of (F. pureid , 
G Reinheit), 467 

Measurement of, 307 

Sensitm^ of eye to change in, 67 

spectrum, Effect of aht-width on, 276 

PURKINJE (see PCRKYNi) 

PoRKYNi effect, 66 

in heteroohromatio photometry, 236 

.photographic plate 428 

, Reversal of, m flicker photometer, 

263 

Purple light expressed on monochromatic 
system of colorimetry, 306 
Purple, Visual (F pourpre rdtinien , G 
Sehpurpur), 60 

Pyrometers for temperature measurement, 
133 

Quality of luminous flux. Definition of, 467 
Quantity of light, Definition of (F quantitd 
de lurmhre , G BdicMung^ or lachtmenge)^ 
464 

Quantum theo^ of radiation (F thdone dea 
quanta , G Quanientheorie), 36 
Quartz, Use of rotatory polarisation of, in 
photometry, 244 

Queen transportable photometer, 100 (67) 

Radial photometer, 196 
Radiant flux. Definition of (F flux radiant , 
G Energieatrom), 464 

Radiation, Black body (F radiation du 
corps noir , G, Licktauabeute dea Ideal- 
atraUera), 33 
— , Pressure of, 34 
— , Thermodynamics of, 34 

— constants, 46 (41) 

— pyrometers (F pyromUre d radiaiion , 
G Strahlungapyrometer), 133 

Radiator, Cavity, Complete, Total or 
Planckian (see Black body) 

Radio -luminesoenoe, 41 
Radiometer as physical photometer, 334 (6) 
Radiomiorometer, 319 
Raaterphotometerf 373 (32) 
Raummiikehnesaer, 376 (74) 

Rayleigh- Jeans radiation formula, 36 
Reciprocity law in photography (P loi de 
rdciprocitd, G Reziprozildtageaetz), 331, 
338 (76) 
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Recording device for photometer bench, 
190 (49) 

— photometers, 332 

Rectangular source. Radiation from, 106 
Redirecting surface or medium, Definition 
of, 466 

Reducing screens (aee Neutral filters) 
Reduction factor, Defimtion of (P facteitr 
de rMiichon , G Redule- 

tioTiahoeffizient der spJidriscTien 
Ltchtstdrke), 464 

of disc and of line, 107 

Hefner lamp, 142 (21) 

luminous source, 88 

Reference standard (see Sub-standard) (G 
JBezugsnormdle) 

Reflection, Diffuse (see Diffuse Reflection) | 
— Effect of repeated, on colour, 112 
— , Error due to polarisation by, in spectro- 
photometry, 286 

— Laws of, 19 

— , Polarisation by, 31, 112, 382 
— , Total, 20 

— , Use of multiple or oblique, for photo- | 
metry, 192 (86) i 

— curves. Spectral, 293 (67) 

— factor (F facteiir de reflexion , G 

JReflexiona-veTniogeHj or Rilckstrali- 
lungsfalcior)t 110 

j Definition of, 464 

, Measurement of, 377 

of common substances, 476 

glass, 112 

mirror used for polar curve 

measurements, 199 

small surfaces, 397 

Reflectometer (P. rifiectomHre , G ReJleJcto- 
meter), 378 

Reflectors, Polished, Photometry of (P 
rifiecteur poll , G poherter Lampen- 
refleldor), 422 
Refraction, Double, 27 
— , — , prism, 29 
— , Laws of (G Brechung), 19 
Registermg microphotometer, 396 
Registration, Automatic, of photometer 
leadings, 189 (49) 

Regular reflection (P reflexion rigulilre , G 
regelTndaaige Reflexion), 110, 112 
Regmator for potential. Automatic, 441 

on life-test racks, 463 

Relative photometers for daylight measure- 
ments (see also Illumination photometers) 
(P pK r^tif , G Relativphotometer), 368 
Reproducibihty of judgment m nicker 
photometer, 266 

measures with small colour differ- 
ences, 237 

Resolving power of eye (P pouvoir s^para- 
teur , G. Aufldsungavermdgen), 61 
Retina of eye (P r^ine , G NetzJiaut), 49 
Reversal oi field of view m photometer, 
238 

Reversed PuRKYNfi and yeHow-spot effects 
m flicker photometer, 263 
Rhomb, HttafER, 160 j 

Richardson’s absorption photometer, 399 | 
Riohtmyer’s null method of photo-electric 
photometry, 330 

Ridgway’s colour system, 314 (47) 1 


Rise of visual sensation following illumina- 
tion, 60 

Ritchie’s ^otometer, 2 

— wedge (P ^cran en dihdre, or com, or 

pnsme, de 12 , G leilfonnige 
Fhotonifiterschirm), 3 

, Errors of 162 

Rochon s prism 31 

Rods in human retma (P bdtonnet , G 
Stabchen), 60 

Rood’s flicker photometer, 251 
Roof photometer, Webbr’3 (G Bachphoio- 
meter), 3 

Room for photometry (see Photometry 
room) 

Rosa and Chittenden on pentane lamp, 
128 

Rotating beam form of sector disc, 178 
Rotation, Effect of, on gas-filled lamps, 230 
(16) 

— of field of view m photometer 238 
Rotator for m h o p measurements (P 

dispositif de rotation , Q Drehvornch- 
tiing), 202 

Rotatory polarisation of quartz Use of, in 
photometry (P polarisation rotatoire , 
G Zirkularpolansatioti), 244 
Rousseau diagram (P diagramme de R , 
G Rouaaeausche Kurve), 90 

— polar curve appamtus for arc lamps, 200 
Rubens and Hagen’s method of measuring 

spectral reflection curves of polished 
surfaces, 383 

Rudorff mirrors for Bunsen head, 162 
Rumford’s photometer, 1 
Rumt’s illununation photometer, 372 (14) 
Russell angles, 93 
Rutherfobd-Bohr atom model, 39 
Ryan’s illumination photometer, 372 (14) 
Rydberg constant 40 


Sahulka’s integrating photometer, 232 
(37) 

Salomons’ photometer, 4 
Saturation of a colour, Definition of (G 
Sdttigung), 467 

. Effect of intensity on, 309 

in monochromatic colorimetry, 

306 

, Sensitivity of eye to change 

cf, 07 

Scale for photometer bench (P ichelle du 
baric photomArique , G 
Fhotometerbankteilung), 148 

, Computation of “ squared ” or 

“ candle-power,” 187 (8) 

Scale of mogmtudes for photographic stellar 
photometry (P ^helle des 
grandeurs , G Rkala der 
Qroaseklassen), 428 

of stars, 424 

Scattering of hght m eye media, 67 
— surface or medium, Defimtion of (P 
surface, or milieux, diapersif , G zerstreu- 
ende Oberfldche, or Kdrper), 466 
Sohwabtzohtld’s law m photography, 333, 
338 (76) 

Sclera of eye (P scUrotique , G Sehnenliaut, 
or Lederhaut, or Sklera), 48 



INDEX 501 


Screen, Absorbing {see Colour filter, and 
Neural filter) 

— , Colour {see Colour filter) 

Screens m integrating sphere (F ^ran , G 
Blende), 208, 213 

, Error due to absorption by, 

Position of, 214, 228 

, Translucent, 214 

Screen in photometer head. Error due to 
thickness of (P ^ran pJiotomdnque , G 
PJu)tometer8chinn), 163 
Screened source. Photometry of, 108 
Screening m polar curve msmts , 199 

— on photometer bench (P protection 
conire lumtkre ^irangkre, or mgahonde , 
G. Abblenden fremden Lichtea), 170 

Searchlight beam, Defimtion of edge of, 
423 (11) 

, Photometry of, 411, 416 

Secondary standard of light {see Sub- 
standard) (P ^alon secon^ 
daire , G sehindare IacM~ 
normale) 

, Definition of, 466 

Sector disc, Abney’s (P diague tournant , 
G roUerender Sektor), 176 

, Bbodhtjn’s, 191 (68) 

, Cohbration of, 179 

, Errors of, 177 

, Hyde’s, 178 

in photometry, 176 

, Napoli-Abney form of, 176 

, Rotating beam form of, 178 

Selective radiation, 38 
Selemum bridge (cell) os physioal pho- 
tometer (P pile de 
or resistance an s , Qt Selenzdle), 
322 

for photographic sensitometry, 393 

photometer, Pfund’s conditions for, 

324 

Self-levelling teat surface for illummo- 
meters 360 ' 

Self-luminous surfaces for lUummation 
photometers, 374 (46) 

Sensation curves in colorimetry (P courbe 
d'excitation , G Eichwertshurve, or 
Valenzkurve), 299 
Sensibility {see Sensitivity) 

— curve of eye {see Luminosity of radia- 
tion) 

Sensitivity of eye to brightness difference 
with colour difference, 264 (5) 

to colour (P senaibilite different 

tieUe pour la coideur , G Far- 
benunterscheidungsvermdgen), 64 

to contrast (P sensibility au con- 

traste , G. Unterachiedsempfind- 
lichkeit), 52 
to fiicker, 62 

— , Effect of size of field on, 

266, 259 

retina to light and colour, 66 

Sensitivity of visual photometry {see 
Accuracy) 

reduced by mixed light on 

photometer surface, 152 

, Effect of field brightness on, 

186 


Sensitivity curve of eye (Visibility curve) 
{see also Luminosity of radiation) 
(P Courbe de sens-ibiliU , G 
Empfindhchleitakurve), 294 

of photographic plates, 332 

of selemum bridge, 323 

of thalofide bridge, 325 

Senaitometry, Photographic (P sensiio- 
mdtne , G Empfindhchkeitsmeasung), 392 
Separation of photometer surfaces. Error 
due to (G Scheidung), 3, 161, 156, 163 
Settling-m effect in visual photometry, 316 
Shades or reflectors. Photometry of polished 
(P. ecran, or abat-jour, poh , G* poherle 
Lampenschinn), 422 

Shabp and Little’s compensated test 
surface for lUuminometers, 343 
Shakp-Millab lUummation photometer, 
348 

— integratmg sphere, 219 

Sharp three-mirror rotator for m s c p 
measurements, 204 

Shelpord Bidwell’s form of selenium 
bridge, 322 

Shock tetets for gas mantles and electric 
lamps (P esaai au choc , G SchlagDe;r8uch, 
or Schlagprobe), 466 

Signal lights. Photometry of (P. famil , 
G. Signalfeuer), 419 

Visibility of, 68 

Sill ratio at an indoor point {see also Day- 
light factor), 365 

Simmanoe-Abady flicker photometer, 261 
SiMMANOE pentane lamp, 5 
SiMONOFir’s photometer, 10 (11) 
Simultaneous contrast in heteroohromatic 
photometiy (F contrasts aimuU 
tane , G Simultanlontrast), 236 
in vision, 70 

Simultaneous method of sphere photo- 
metry, 208 

Smo or cosine gr^h paper, 120 (20) 

Size of field. Effect of, in flicker photo- 
meter, 253, 259 

, Proposed standard, for colori- 
metry, 314 (46) 

integratmg sphere required for given 

measurement, 216, 228 
Sky, Instrument for measuring area of 
visible, 376 (74) 

— brightness, Measurement of, 366, 430 
Slide rule for colorimetric computation 

(P rigle d calcul , G. JRechenachieber), 
314 (48) 

Slit for spectrometer, Symmetrically open- 
, mg form of (P. fente , G Spall), 276 
' Slit-width Effect of, on purity of spectrum 
(P, largeur dufente , G Spalibreite), 276 

— correction in spectrophotometry, 287 

— variation, Spectrophotometers based 
on 278 

Socket, Lamp, for photometric work (F 
douille , G Faaaung), 438 
Solar constant (P conatante aolaire , G 
Solarkonatante), 34 

Solutions, Chemical, for heterochromatic 
photometry, 246 

— , — , to imitate sensitivity curve of eye, 
296 

— , Spectral transmission of, 387 
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Souroes of light. Brightness, brightness 
temperature and colour tem- 
perature of (F. foyer lumineux 
or source lumineuse , G. Licht- 
guelle)^ 478 

, Colour of, 480 

Spatial induction in vision (simultaneoue 
contrast), 70 

Specific transmission factor (specific trans- 
missivity) of solute, 116 
Spectra) distribution of hght from black 
body, 472 

lights having same colour, Rela- 
tion between, 314 (48) 

, Standard of, 269 

— Imes, Measurement of relative intensities 

of, 333 

, Photographic mtenaity of, by micro - 

photometry, 396 

— reflection curve, Determination of, 

384 

and transmission curves, 293 (67) 

, Method of plotting, 289 

— transmission curve, Determination of, 
387 

Spectrometer, 273 

— , BMiLiNGHAM and Stanley's, 286 
— , Conversion of, to a spectrophotometer, 
292 (44) 

Spectrophotometer, BsLUNaHAM and 
Stanley’s (F. syectrophotom^tre , G 
Spektralphotometer), 284 
— , Bbaoe’s, 279 
— , Brage-Lemon, 282 
— , Brodhun’s, 278 
— , Crova’s, 282 
— , Differential, 279 
— , Early forms of, 269 
— , Flicker, 286 
— , Praunhoi'Er’s, 269 
— , Glan’s, 282 
— , Glazbbrook's, 282 
— , GTOiD’s, 280 
— , HUiGBR’s, 282 

— , HAener’s, 282 

— , Ives’, 282 

— , KbNia-MARTHNs’, 281 

— , KdNiaSBERGER’S, 282 * 

— , Lummer-Brodhun, 278 

— , Martens’, 281 

— , National Physical Laboratory, 280 
— , Nutting-Hilgeb, 282 
— , Polarisation forms of, 281 
— Stanley-Bellingham’s, 284 
— , Thovert’s, 291 (24) 

— , Vierordt’s, 269, 278 
Wild’s (H ). 282 
— , Yvon’s, 292 (38) 

Zenker’s, 282 

Spectrophotometry, Absolute measure- 
ments in, 286 

— , Approximate, for colorimetry, 310 

— as ancillary to heterochromatic photo- 

metry, 239 

— by colour filters, 288 

— by homogeneous radiations, 288 

— by photographic methods, 333 

— by sht-width variation, 278 

— , Error due to polarisation by reflection 
in, 285 


Spectrophotometry, Error due to polarisa- 
tion of mcident light in, 286 
— , Method of procedure in, 286 

— of arcs, 288 

stars, 430 

Spectrum, Band and line, 41 
— , Limits of visible, 46 (4) 

I — , Production of, by prism, 24 
' Specular reflection factor, 110, 112, 381 

, Definition of, 464 

Speed of flicker photometer, 266, 200 
Sphere, Integrating, as comparison source 
(F apMre zntdgrante , G integnerende 
Kugel), 221 

I Sphere photometer {see Litegratmg sphere, 
and Photometric Integrator) (G 
Kugelphoiometer ) , 

' room in photometric laboratory, 448 

' — , Radiation 6om, 122 (62) 

I — reflectometer (F- rdjlectomitre spJidngue , 

I G kugdfdrmtges Re^UoTneter)^ 378 
Spherical aberration (F dberr deapMricitd, 

I G sphdnsche Abweichung), 23 

— m tensity (op). Mean {see Mean spherical 

I intensity) 

— reduction factor of luminous source {see 
I Reduction factor) 

I Spread reflection or transmission, 119 
Squared scale for photometer bench, 148 
162 

, Computation of, 187 (8) 

Squirrel -cage filament, Radiation from (F 
I filament d cage d^dcureuil , G zickzack- 
, formiger Draht), 107 
Standard candle (F bougie Mon , G 
' Normalkerze, or Siandardkerze), 4 
I — lamps, Mounting for, on photometer 
bench (F lampe dlcdon , G NoimaU 
lampe), 149 

' — of light, Absolute (F dalon de lumi&re , 
G Einheitslichtquelle), 6 

I , Acetylene, 6, 139 

I , Benzine, 5 

I , Black body, 132 

I , Candle, 4 

I , Carbon arc, 131 

, Caroel, 4 

, Crova boiling zino, 14 (66) 

, Draper platinum, 14 (66) 

, Edqbrton, 13 (49) 

, Flame, 4, 126 

, Giroud, 6 

, Hefner, 6, 129 

, Hehum tube, 6 

, Keatbs, 12 (43) 

, Ltjmmeb-Ktiblbaum 131 

, Mbtbtvbn, 6 

, Pentane, 6, 126 

, Requirements for a, 126 

lummous flux for integrating photo- 

I meters, 139, 200, 208, 222 

intensity {see Standard of light) 

mean spherical candle-power, 139, 

200, 222 

ppeotr^ distribution, 269 

white for colorimetry, 313 (27) 

— surface for illumination photometers 

{see Test surface) (F. dcran diffuseur , 
G. Scketbe) 

— wave length, International, 46 (6) 
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(Stanley spectrometer and spectrophoto- 
meter {aee Belltnoham and Stanley) 
Stabling and Thompson’s photometer, 3 
Steady comparison and flickei methods of 
photometry compared (F. inAhode 
d^dgahtd d^dclat , G Methode glei- 
cher HeUigkeit), 262, 296 

method, Luminosity curve by, 295 

Stbfan-Boltzmann law, 34 
Stepan’s constant of radiation, 36 
Stellar photometer, Gbhlhofp’s (F ph 
stellaire , G. JStenipJiotometer)^ 426 

, Meridian, 426 

, BiOKERiNa’s, 426 

, Pbitohabd’s, 426 

, Wedge, 426 

, Zollneb’s, 424 

— photometry. Early methods of, 424 
Step-by-step method of heterochromatic 

photometry, 238 

, Luminosity curve by, 296 

Steradian, Do^ition of, 120 (7) 
Stereoscopic photometer, PuLFRian’s, 184 
Stewabt, Balfoub, 33 
Stilb (unit of brightness), 122 (46) 

Stokes’ law for fluorescence, 41 
Storage batteries for illumination photo- 
meters, Discharge curve of (P ac^umuh,- 
teur, or pile secomlfnre , G SeJcutiddrele- 
ment\ 367 

Stray light in photometry, Avoidance of 
(F. lumi^re vagaJbond & , G 
jremdea Licht), 170, 437 

spectrophotometry, 277 

Street illumination. Method of measuring 
(P. dclairage dea rues, G Strassen- 
beleuchtung), 361 

— photometer, Habbison’s (G Strassen- 
photornater), 362 

Strength, Tests for mechanical, of gas 
mantles or electric lamps, 466 
Stufenphotometer, Pulfbioh’s, 192 (90) 
Sub-stendard lamps. Care of, in photo- 
metric laboratory (F Moti 
» secondaire, or de service , G 
Oebrav/ihsTiornhallampe) 446 

, Constancy of, 447 

for candle-power measurement, 137 

flux measurement, 139, 208, 222 

, preparation of, 200, 204, 222 

, Measurement of, 169 

Substitution method of bench photometry 
(F mdthode de double pesde or 
a substitution, or d remplace- 
ment , G Substituiionsmethode), 
161 

sphere photometry, 207 

Successive contrast in vision (F conlrasie 
auccesstf , G Sukzessifkonbast), 70 
StJLZEB and Ebooa on rise of visual sensa- 
tion, 60 

Sumpnbb’s mtegratmg sphere, 206 
Sun, Measurement of brightness of, 430 
Supply of power to photometric laboratory 
436 

Surface brightness {see Brightness) 
Surround, Use of bright, for increaamg 
photometric accuracy (F champ environ- 
nant , G Vmgebung), 186, 269 
Swan cube, 188 (28) 


Symbols of photometric quantities, 460 
Symmetrically opemng slit for speotro 
meter (F. jente symdtnque , G bilcUerale 
SpdU), 276 

Takatsu and Tanaka on pentane lamp, 

] 128 

I Talbot’s bands, 26 
I — law, 68 

[ applied to visual photo luetiy, 176 

I not obeyed by photographic plate, 

I 333 

obeyed by photo-electric cell, 330 

TALBOT-ftiATBAU law (see Talbot’s law). 
Tanaka and Takatsu on pentane lamp, 
128 

Taylor (A H ) on diffuse reflectometer, 378 
Taylor’s (A K ) relative photometer, 368 
Telephotometer (F Mldphotomhtre , G 
' T^photometer), 398 
Temperature, Effect of, on coloured chemi- 
cal solutions, 248 

— . — ~ flame sources, 190 (64) 

1 — pentane lamp, 129 

— , , — photo-electric cells 331 

— , — transmission nf coloured 

glosses, 265 (31) 

I — , Measurement of, 133 

— of common light sources, 478 

I — , True, “ colour,” and black body (or 
brightness), 270 

I Temperature scale, Kelvin or absolute, 
144 (34) 

Template for weighting spectrum in 
accordance with its luminosity factor 
(F dtavhragme , G Blende), 321 
! Temporal induction in vision (successive 
contrast), 70 

I Testing colour vision of photometric 

I observers, 203 

I Test lamp, Definition of (F lampe en essai , 
1 G zu messende Lampe), 466 
I — surface for illumination photometer (F 
I dcran diffus&ur , G 

' Scheibe), 342 

, Compensated, 343 

, Self -levelling, 360 

Thalofide bridge (cell), 326 

for photographic densitometry, 393 

Theoiy of Bunsen photometer head, 163 

— of flicker, Ives and Bongs bury’ s, 63 

— of flicker photometer, 257 

— of vision, 71 
Thermo-electricity, 319 

Thermo-j unction (F. dldmenl, or couple, 

thermo-^ledngue , G Tkermosdule, or 
thennoelektnsche Saule), 319 
Thermo -lummesceuce, 33 
Thermometry at high temperatures, 133 
Thermopile, 42, 319 

— and colour filter as physical photometer, 

320 

visibility template as physical photo- 
meter, 321 

— for microphotometry, 390 
— , Lmear, 319 

Thickness, Effect of, on colour of light 
transmitted through medium, 117 

— of photometer screen. Correction for, 163 
, Error duo to, 163 
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Thompson’s polarising pi ism, 29 
Thompson-Stahxing photometer, 3 
Thorner’s iHumination tester, 368 
Thoveet’s spectrophotometer, 291 (24) 
Threshold of vision for colour (F aeuil de 
Vcail , G Ddmnierunga- 
tvert dea lAchtea)^ 67 

light, 66, 67 

Tilting photometer head, Error due to (see 
CJoBine error) (P inclinaiaon , 
G Nexgung) 

for polar curve measuiements, 196 

Tilting frame for polar curve measure- 
ments, 196 

— mirror for polar curve measurement 

(P miroti UyurnaTit , G drMares 
Sjoiegel), 196 

— screen type of illummation photometers, 
350 

“ Tintometer,” LovrsoNn’s, 314 (47) 
Topler’s form of Bunsen disc, 164 
Total radiation pyrometers (P pyromUre d 
radiation , G StmMitngapyrotittter), 
133 

— radiator (see Black body) 

— reflection (P reflexion totale , G Total- 
reflexion), 20 

Transformation from one system of colori- 
metry to another, 307 

— of primaries in trichromatic colorimetry. 
299 

Translucenoy of paper. Measurement of (P 
iranalucidiH , G thirchackeinen), 406 
(42) 

Translucent screens foi photometric inte- 
grators (P. tranaluciae , G durch- 
achemend), 214 

Transmission, Diffuse (see Diffuse trans- 
mission) 

— of coloured glasses. Effect of tenipeia- 

ture on, 266 (31) 

— curves, ^eotraJ, 293 (67) 

— factor. Definition of (P facleui de 

iranam , G DurcJddaaigkeita-ver- 
lYiogen), 463 

, Effect of colour of light on, 248 

, Measurement of, 386 

of common substances, 476 

a body, 116 

glass, 117 

plate or pile of plates, 117 

— prism, 118 

solute. Specific, 116 

substance, 116 

translucent substances, 116 

Transmissivity of solute, Specific, 116 

substance, 116 

Transmissometer, Sphere, 390 
Transmittmg test surface for lUummation 
photometers (P. ^an par iranarmaaion , 
G duTchacheinender fSchmn), 343 
Transportable photometer benches (P ph 
tranaportable , G tragbarea Phot ), 171 
Tebzise’s lUuirunation photometer, 372 
(14) 

Trion^e, Maxweix colour (P. inangle de 
couleara de M , Q Farbendreieck), 303 
Triohromatio colorimeter (P oohnwMre de 
troia radiationa , G tnchromaiiachea 
Kolonmeter), 304 


I Triohromatio colour data for common 
I hght sources, 480 
I Tnohromatic system of colorimetry, 298 
1 — theory of colour vision, 71 

Trotter on pentane lamp, 128 
’ — dayhght attachment for illumination 
photometers, 366 

— gloss tester, 382 

— nJummation photometer, 350 
I — “ luxometer,” 361 

— photometer, 3 

Tuok’s illumination photometer, 373 (14) 

Tungsten, Emission from (P tungathie , G 
Wolfram), 38 

— filament lamp as standard of spectral 

distribution (P lampe d fil de 
t , G Wolframdrahilampe),26Q, 
272 

as standard or sub-standard of 

candle-power, 137 

Turbidimetry (P ndpheldnidne , G 
Nephdometne, or Meaaung dea Trilbuvga 
grades), 385 

Twipt of photometer head. Error due to (P 
obliquitd , G acJnefe Richtiuig), 164 

Tyndall beam, Measurement of (Nephelo- 
I metry, Tynd^liraetry), 386 


ULBRiaHT sphere (see alao Integrating 
I sphere. Photometric Integrator), 206 
' Ultra-violet light, Prequenoy of, 18 
Unidirectional illumination. Definition of 
(P dclaitement unidirigd), 466 
Umt of candle-power (P umtd d'lnienaiU 
lummeuae , G Lichietnheit), G, 86, 130, 
136 

I Unsteadiness in electric lamps, 441 
I Unsteady sources. Polar curve determina- 
tion for (P variable , G verandei - 
1 lich, or achwankend), 200 

, Spectrophotometry of, 288 

I Utilisation factor of illumination system 
(P coeflicient or facteur 
d'utiliaalton , G Aua- 
nlltzungagrad) 363 
, Defimtion of, 460 


Valentinbr and Mboklbnburg’s nophelo- 
meter, 386 

Valve amplification of photo-electric cur- 
rent (F ampl au rrwyen d'une lampe d 
troia ^ectrodea , G Veratdrkung durch 
Rohren), 331 

Variable absorbmg filter (screen), 179 

— sources. Photometry of, 184 

, Polar curve determination for, 200 

, Spectrophotometry of, 288 

— stars, Photo-electric photometry of, 430 
Variation factor of illummation system (F 

facteur de variation , 
G Ungletchndaaigkeita- 
faktor), 363 

, Definition of 466 

— lange of illumination system (P. latitude, 

or champ, de vanaiiov , 
G V ngleichmaaaigkeita- 
umfang), 363 

, Definition of, 466 
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V D E paint for photometrio integrators, 
217 

Veiling glare, 68 

Velocity of light (E mtease , G. Lichi- 
geschwindigkeit\ 16 

the same for all frequencies m 

vacuo, 46 (12) 

Ventilation of photometric integrator (E 
a^age^ OT ventilation ; G I/ilftung), 
221 

room for photometry of flame sources, 

446 

Vereinskerze, 6 

Veenon Haecouht pentane lamp, 6, 126 
Vertical candle-power distribution. Deter- 
mination of, 194 

— distribution curve, Defimtion of, 466 
ViEROBDT speotrophotometer, 260, 278 
Viewing surface for lUummation photo- 
meters (see Test surface). 

VlLLAROEATI {seC YVON, P ). 

ViOLLE acetylene standard, 14 (60) 

— platmum standard, 130 

Vifubihty, Measurement of atmospheric 
(E. visibility, G JSicJUbarkett), 119 

— of point sources of light, 68 

— of radiation, 63 

— curve of radiation (see also Luminosity 

curve), 294 

— factor (flee also Luminosity of radiation) 

(F. facteur de v , , G. Sichtbarkeits- 
faJctor) 

Defimtion of, 464 

, Table of, 471 

— solution, 296, 320 

— template for physical photometry, 321 

Visible spectrum, Lnmts of, 46 (4) " 

Vision, Theories of (G. SeJim, or Qesickt- 

Sinn), 71 

Visual acuity (F. oauUd visiielle , G. 
Sehschdrfe), 62, 64, 76 (6) 

for extra-foveal retina, 68 

, Photometer based on, 236, 362 

— diffuBivity, 63 

— photometry. Factors affecting accuracy 

of, 316 

— purple (F. pourpre retinien , G JSekpur- 

pur), 61, 73 

— sensation. Ease of, after illumination of 
retina, 60 

Vitreous humour (F corps, or humeur, 
mtry, G. Olaskdr^), 49 
Voltage (flee cUso Bitential) (F. voUage, or 
tension , G Spannung) 

— and candle-power relationship for electric 

lamps, 481 

— -current curve for photo-electric cell, 329 

— regulator. Automatic (F rygiilcUeur de 

tension, G. Spannungsregler), 
441 

for life testing of electric lamps, 

463 

— variations. Method of coi^ensating for 
(F, fluctuation de tension , G Spannungs- 
schivankung), 441 

Voltmeter, Connection of, m photometer 
lamp circiut (G Spannungsmesser), 442 
YON HErNEE-ALTENBCK (flee Hbenbb). 
VON Keibs theory of vision, 72 


WaXiDBAm’s diagram for daylight calcula- 
tion, 370 

Wanner pyrometer, 134 
Wave-len^h, Method of measuring (F 
longueur d*onde , G Wellenlange), 26 
Wave-number, Definition of, 18 
Wave theory of light (F tMone dea ondula- 
tions , G WellmtJi^ie), 16 
Weber’s Dachphotometer, 3 

— photometer, 172, 176 

as illumination photometer, 346 

— Raummnkelmesser, 376 (74) 

— relative photometer, 368 
Wbbbe-Fbgbner law, 62 

Wedge Neutral, in photometry (F com 
neutre , G farbloser Keil, or Qraukeil), 
179 

— photometer, Pbitohard’s (F ph d com 
neutre , G Keilphotorneter), 426 

Wheatstone’s photometer, 78 (47) 

White light. Standard of, 313 (27) 
Whiteness of paint, Test for, 218 
Whitman flicker photometer, 261 
Width of slit in spectrophotometry (see 
Sht-width) 

Wien’s diaplaoement law for radiation, 36 

— formula as approximation to Planok’s, 
144 (46) 

Wien-Planok radiation formula, 37 
Wild’s (H )> polarisation photometer, 4 

— spectrophotometer, 282 
Wild’s (L ) flicker photometer, 261 
Window for integrating sphere (F fenitre , 

G Mesafeiister), 209 

— efiSoienoy of indoor pomt, 366 
Wingen’s lUumination photometer, 362 
Wollaston prism, 30 

used for photometry, 173 

Working plane for illummation measure- 
ments, 360 

— standard of light (see Sub-standard, and 

Comparison Lamp) (G 
Arbeitsnonniile) 

Definition of, 466 

Whattbn photometric filters, 243 
Weight, Alexander, photometer bench 
148 

Wybattw’s compensation or mixture 
photometer, 237 


Y-aro as standard of light, 131 
Yellow spot (macula lutea) of retma (F. tache 
^aune , G gelber Fleck), 61 
Yellow-spot effect, 66 

BFevcraol of, m flicker photometer, 

264 

Yotjng-Helmholtz theory of nsion, 71 
Yvon’s (G ) flicker photometer, 268 (87) 

— spectrophotometer, 292 (38) 

Yvon’s (P ) photometer, 11 (20) 


Zemth attachment for illumination photo- 
meters, 366 

Zenker’s spectrophotometer, 282 
Zmo, Boiling, as standard of light, 14 (66) 
ZOllnbr’s photometer, 4 
— stellar photometer, 424 
Zonal mtensity (o p ), Mean (see Mean zonal 
iSianaity); - 

Oft- , 
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